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ABSTRACT 
Electron spin resonance techniques were used to study the photo-
electronic behaviour of defect centres in rutile, using both single 
crystal and powdered samples. 
Single crystals of rutile were grown by a plasma torch method. 
Analysis of t'1e boules by several techniques established that they con-
tained, in general, fewer impurities than crystals grown by the conven-
tional Verneuil method. Some boules were deliberately doped during 
growth with specific impurities. Control of the oxygen content of the 
plasma enabled the growth of some boules in a completely stoichiometric 
state, requiring no subsequent oxidation. Some crystals were doped 
after growth with various transition metal ions, using either evapora-
tion and diffusion or vacuum capsule diffusion techniques. 
E.S.R. analysis indicated the presence of several impurity ions, 
notably iron and nickel, in most samples. Low temperature ultra-violet 
irradiation caused significant changes to the intensities of most spectra, 
together with the appearance of several new spectra. Isochronal anneal-
ing then revealed the temperatures at which thermally stimulated charge 
transfers occurred, as reflected in changes to e.s.r. spectra. At 
least twelve different trapping centres were detected, with thermal 
ionization temperatures between 30 and 400k. Where possible, the 
ionization energies were determined by measuring variations in the rate 
of charge transfer with temperature and many of the values were in good 
agreement with those reported using other techniques. In most cases it 
was also possible to determine the polarity of the traps, by studying 
their interaction with other centres. 
It is thought that many of the shallow electron traps consist of 
complexes of intrinsic defects, such as interstitial ions or vacancies, 
ii 
with nearby Aluminium ions. Iron and chromium appear to form hole 
trapping centres with energy levels near the valence band. Nickel, 
Manganese and Copper are recombination centres with levels near the 
centre of the band gap. 
The same e.s.r. methods were applied to samples of rutile pigments 
and a computer simulation technique was used to aid analysis and inter-
pretatjon of powdPr spectra. All t:.he pigment samples exhibited the 
same u.v.-activated e.s.r. spectrum. Isochronal annealing suggested 
that it represented a trapped hole and alsu inferred the exis tefH.:;e of 
several shallow electron traps. 
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CHAPTER l 
INTRODUCTION 
The rutile form of titanium dioxide has sometimes been referred to as 
'the ideal pigment', since when interspersed with a suitable organic bind-
ing medium it produces coating layers with maximum light scattering but 
minimal light absorption. The exceptional light scattering ability is due 
to the high refractive index of rutile, and has resulted in the growth,in 
the last 30 years, of a large industry concerned with the production of 
high grade titanium dioxide pigments (both rutile and anatase) for supply 
to paint and protective coating industries. In all applications where the 
brightness and opacity (or hiding power) are the chief requirements of the 
protective coating, rutile pigments have repeatedly given superior results 
to those of their rivals(Clark, 1975) Cremer, 1977). 
The main factor which determines the useful life of an exterior paint 
is the rate at which it degrades when exposed to sunlight, a process known 
as chalking in which the organic binder is gradually oxidized and decom-
posed, leaving unprotected pigment particles at the surface to give a 
chalk-like appearance. These pigment particles are then eroded to expose 
lower levels of the paint. There are two main mechanisms which cause the 
chalking process. The first involves the direct abso.rption of sunlight by 
the organic binder. In the second mechanism the pigment particles act as 
a catalyst to the organic degradation. The rutile particles absorb the 
ultra violet component of sunlight, which has sufficient energy to excite 
electrons transitions across the forbidden energy gap, causing an increase 
in the population of conduction electrons. The electrons at the surface 
of the pigment particles are then able to attack and degrade the surround-
ing organic binder, probably by the creation of highly reactive inter-
mediate oxidant species, (Pappas 1914). 
/~=~:;-~,~ 
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The addition of certain impurities, notably Aluminium and several 
transition metals, to rutile during pigment manufacture has been shown to 
slow down the chalking process and hence give a definite improvement in 
paint durability performance. Little is known of the actual mechanism by 
which doping of the pigment inhibits chalking, but it is assumed to be 
related to a decrease in the number of conduction electrons available at 
the pigment surface, possibly by the creation of electron traps and recom-
bination centres in the rutile lattice. There is, therefore, considerable 
interest in characterizing the various defect centres introduced by 
different dopants in rutile and in studying their effects on photoelec-
tronic properties, such as trap densities, recombination rates, etc. 
A previous research project in this Department, conducted in associa-
tion with rutile pigment manufacturers Tioxide International Ltd. of 
Stockton, involved the use of thermally stimulated conductivity (T.S.C.) 
and thermoluminescence (T.L.) techniques to investigate the photoelectronic 
properties of defects in rutile, using both single crystal and pigment 
samples. Such techniques can lead to the evaluation of charge trapping 
parameters such as trap density, capture cross-section and ionization 
energy, but are usually unable to provide any information with regard to 
the origin or identity of each trapping centre. Other research workers in 
this Department have used electron spin resonance (E.S.R.) spectroscopy to 
study dopant ions in single crystals (e.g. Gd in cawo4 , Cr in MgO) and 
glass ceramics. E.S.R. can reveal both the identity of a paramagnetic 
defect and its site in a diamagnetic host lattice. It was the realisation 
that T.S.C. and E.S.R. could provide different but complementary information 
about the same centres which lead to the proposal for the research project 
which is reported in this thesis. 
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The basic aim of this work has been to combine aspects of both 
techniques and thereby develop a method of studying the photoelectronic 
behaviour of impurity centres in rutile more di~ectly, by measuring the 
effect of optical irradiation and temperature variation on their e.s.r. 
spectra. More specific objects were to detect thermally and optically 
stimulated changes in e.s.r. spectral intensities to compare with existing 
T.S.C. and T.L. data, to identify known trapping centres and to investi-
gate the possibility of determining trapping paramete:t.-s fron1 e.s.r. lneasure-
ments. 
The majority of the work was carried out using single crystals of 
rutile, which usually yield much more useful analytical information than 
powdered samples. Several of the single crystal samples were taken from 
commercially supplied boules, which had been grown by the conventional 
Verneuil method. Other samples, however, were 'home-grown', and a con-
siderable amount of time was spent developing a method of growing rutile 
crystals of controlled stoichiometry by an 02-Ar plasma torch technique, 
using equipment at Tioxide International. A description of the 
apparatus and growth procedure and a summary of the crystals produced are 
reported in Chapter 2. 
Chapter 3 consists of an introduction to the basic concepts of e.s.r. 
spectroscopy, with a discussion of applications and interpretations of 
results. 
Chapter 4 presents a review of rutile properties, with emphasis on 
the structure, e.s.r. and optical data, and the effects of impurities. 
Chapter 5 discussed experimental details, including a brief explana-
tion of the operation of the e.s.r. spectrometer, an account of the methods 
used to dope and prepare samples, and a description of the measurement 
techniques. Single crystal results are presented in Chapter 6. 
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In addition to the single crystal studies, some time was devoted to 
a preliminary investigation of rutile pigment samples supplied by Tioxide 
International. The results from these samples and the analysis of e.s.r. 
powder spectra by computer simulation are summarised in Chapter 7. 
Finally, Chapter 8 discusses the results and presents conclusions 
from the project, together with suggestions for further work. 
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CHAPTER 2 
CRYSTAL GROWTH 
2.1 INTRODUCTION 
Single crystals of synthetic rutile were first grown by the National 
Lead Company in 1947 (Moore, 1947), using the well-established Verneuil 
technique (Verneuil, 1902), and this still remains the most comm0nly used 
method for growing boules commercially. Basically, the method consists of 
feeding a powdered charge material into an oAygen~hydrogen flame, which meltG 
the powder. This then falls into a molten interface on a seed crystal which 
is lowered into an afterheater as it grows. In general the Verneuil method 
does not produce crystals of as high quality as other methods of growth from 
the melt, such as zone melting or Czochralski crystal pulling. Its main dis-
advantages are the difficulty of controlling growth parameters, limited choice 
of gas ambient, high thermal gradients and the relatively small liquid volume, 
which can lead to strains and inhomogeneities in the crystal. The technique, 
however, does have an important advantage in that it requires no crucible and 
hence can still be used for the growth of high melting-point crystals, for 
which no suitable crucible material can be found. The melting point of rutile 
0 is 1870 C (Brauer, 1960), and although single crystals of rutile have success-
fully been grown by the Czochralski method (Nassau, 1962), analysis showed 
them to be significantly doped with iridium, the crucible material. Several 
other techniques have been applied to the growth of rutile single crystals, 
including zone refining by r.f. induction heating (Holt, 1965), growth from 
a Na2o.3B2o 3 flux (Berks, 1965) and chemical vapour deposition using titanium 
tetrachloride and oxygen (Farrell, 1975). 
One of the main problems in using the Verneuil method to grow rutile 
is that the hydrogen content of the flame chemically reduces the crystals so 
that, in order to approach full stoichiometry, a subsequent oxidising heat 
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treatment is needed. Another consequence is that large amounts of inter-
stitial hydrogen are incorporated into the crystal lattices. These problems 
can be overcome by replacing the oxygen-hydrogen flame with a r.f.induction 
plasma torch (Reed, 1961) which allows the use of oxidising or inert gas 
ambients and the attainment of higher temperatures. In their simplest form 
inductlon plasma torches consist of concentric quartz tubes, open at one end 
and with gas injected at the other, surrounded by a r.f. coil. The feed 
material is dropped through the plasma, melted and collected on the growing 
crystal as in the conventional Verneuil technique. This approach was first 
used to grow rutile crystals by Chase and van Ruyven (Chase, 1969) , who used 
a 5% o2-95% Ar plasma. Their boules were non-stoichiometric, probably due 
to insufficient oxygen content of the plasma, but significantly the sub-
sequently re-oxidized crystals did not exhibit the time-dependent conductivity 
found in Verneuil-grown crystals (van Raulte, 1965). Chase and van Ruyven 
ascribed this difference to the absence of interstitial hydrogen in their 
crystals, though their interpretation was disputed by Johnson (1968), who 
suggested that the time-independent conductivity of the plasma-grown crystals 
was due to there being a relatively low concentration of interstitial titanium 
ions, 0 following heavy re-oxidation at 1300 c. 
The technique 'Which WaS adopted to grow rutile single crystals 
is a refinement of the induction plasma torch method used by Chase and 
van Ruyven. The aim was to grow crystals of high quality, in terms of both 
intrinsic and extrinsic defects, and to investigate the possibility of growing 
stoichiometric rutile. It was also our intention to grow some boules 
deliberately doped with trivalent aluminium or pentavalent niobium. The work 
described in this chapter was performed in conjunction with Mr.R.Hillhouse, 
a fellow research student of the Department of Applied Physics and Electronics, 
and was carried out at the Central Laboratories of Tioxide International Ltd., 
Stockton on Tees. 
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2. 2 EXPERIMENTAL 
2.2.1 Apparatus 
A diagram of the crystal growth apparatus is shown in Fig. 2.1. The 
plasma gun consists of two concentric quartz tubes, open at one end and 
mounted at the other end into a brass holder with channels drilled into it, 
through which the gases are injected to give a laminar flow down the tubes. 
The plasma gas mixture of oxygen and argon flows down the inner quartz tube, 
of 31 mm bore and 15 em length. Energy is supplied to the plasma gases via 
a 5-turn, water-cooled copper induction coil, powered by a Lepel r.f. 
generator operating at 2.6 MHz and 9 kW. The coil surrounds the outer 
quartz tube and is situated about 3 em below the end of the inner tube. 
In addition, a flow of argon is injected between the two quartz tubes and 
has the dual purpose of centring the plasma and cooling the outer tube. 
Jets of compressed air also help to cool both the outer tube and the 
induction coil. Fig.2.2 is a photograph of the plasma gun assembly during 
crystal growth. 
The feed material, prepared from triply-distilled titanium tetra-
chloride and provided by Central Laboratories, Tioxide International, is 
sandy rutile, and is so called because of its very uniform particle size of 
40 ~ 2 jlm and its consequent tendency to flow like sand. The feed :i.s stored 
above the plasma in a cylindrical perspex hopper, the bottom face of which 
consists of a 75 jlm steel gauze. To produce a constant flow of feed powder 
from the hopper a vertical 100 Hz sinusoidal vibration is applied to the 
gauze via a steel rod passing along the axis of the hopper, attached at one 
end to the gauze and at the other to a vibrator. Control of the feed rate 
is achieved by varying the amplitude of the sinusoidal displacement. The 
feed is carried towards the plasma region in a small flow of oxygen and is 
directed, via a quartz funnel, to a brass probe, with a tip consisting of a 
double-walled, water-cooled copper tube. Because the plasma has a hollow 
core, the probe can be raised and lowered through the centre of the plasma gun, 
100 Hz VIBRATO~ _ . . 
WATER 
SHEATH Ar ---<li>===f=~ 
PlASMA Arlt~-.====::!==! 
COPPER WORK COIL 
YO 
YO 
··~ CHANtSM I 
~---+--- SANDY RUTILE 
lk!'>-- SILICA FUNNEl 
- 'sHRINKFtT' P.V.C 
SILICA TUBES 
FURNACE 
F~G.2·1 PLASMA lORCH CRVSlAl GROWTH APPARATUS 
Figure 2.2 Plasma gun assembly during crystal growth. 
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giving control over the point at which the feed is released into the plasma. 
The molten rutile is collected and crystallized on an alumina candle, 
of 1 metre length and l em diameter, which revolves at 6 r.p.m. about an 
axis colinear with both the plasma and the feed probe. Under stable growth 
conditions, the candle is automatically withdrawn, at a rate of 3 em per hour, 
into a muffle furnace which is coated with alumina cement to keep the vertical 
temperature gradient as low as possible. There is also a faster manual control 
of the candle height to facilitate the location of the optimum growth position. 
2.2.2 Growth Procedure 
Prior to initiating the plasma, the feed probe was raised and the 
alumina candle lowered away from the plasma region. The plasma was 'ignited' 
with a tesla coil using only Argon, at a flow rate of 21 1. per min, with a 
sheath Argon flow rate of 27 litres per min. Following ignition the r.f. 
power was raised and the plasma Argon flow rate was simultaneously increased 
to 37 1. per min. Safety covers containing u.v.-absorbing windows were then 
erected around the plasma. It was found that, unless the quartz tubes were 
concentric, the plasma would become unstable and susceptible to quenching. 
When a stable plasma had been realised the feed probe was lowered so that its 
tip was positioned about 2 em. below the induction coil. The relative dis-
placement of the feed probe and the plasma proved to have a critical effect 
on the growth conditions. At this stage, the oxygen content of the plasma 
was gradually increased to 5 1. per min.with a consequent increase in the 
plasma temperature and a flow of 1 1. per min. of oxygen was supplied to the 
feed probe. 
A 100 Hz vibration ~as applied to the gauze at the base of the feed 
hopper, producing a steady flow of sandy rutile into the plasma, where it was 
melted. The alumina candle was raised until its tip was approximately level 
with the top of the muffle furnace, at which point the feed rate was increased 
to produce a rapid sintered growth on the candle. The feed rate was returned 
to its initial level and the candle height manually adjusted to remelt the top 
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of the polycrystalline deposit and hence locate the growth zone. Growth of 
a single crystal then proceeded by withdrawing the candle in order to maintain 
a molten cap on the boule at a constant height with respect to the plasma. 
It was folli>d that several parameters critically affected both the optimum 
location of the molten cap and the growth rate, necessitating frequent use of 
the manual control for minor adjustments of the candle height. It was essential 
to maintain constant gas flow rates, since small changes in them had a marked 
effect on the temperature and shape of the plasma torch. Similarly, the flow 
rates of the feed powder varied between different batches of sandy rutile, and 
also the feed rate changed as the hopper emptied, requiring corrections in the 
candle height to relocate the growth zone. If the feed rate was too high, 
some of the powder would remain unmelted by the plasma and a polycrystalline 
crust would form on the crystal surface. If, however, the feed rate dropped, 
a heat sink was removed from the plasma and the crystal would be remelted. 
Furthermore, the position of the feed probe tip relative to the plasma 
affected both the percentage of feed falling on the boule and the oxygen content 
of the gases incident on the boule. When the feed was released near the centre 
of the plasma, i.e. with the probe tip just below the induction coil, the probe 
oxygen flow had little effect on the overall gas composition and the feed tended 
to diverge away from the central axis, forming a polycrystalline coating on the 
outer quartz tube. But if the probe was lowered further into the tail of the 
plasma, the flow of feed was much more .directional, so that most of it fell on 
the boule, and the oxygen flow which accompanied it considerably increased the 
oxygen content in that region of the plasma. Using the latter configuration 
some rutile crystals were grown in a stoichiometric state and did not require 
subsequent oxidation of the 'as-grown' boules. 
On the completion of a growth run, which would typically last about 
two hours, the chief consideration was to cool the boule as slowly as possible, 
to avoid introducing excessive strain in the crystal. This was done by 
gradually reducing the oxygen content of the plasma while withdrawing the 
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boule into the centre of the muffle furnace, over a period of about ten 
minutes, but keeping the feed on and hence building a polycrystalline crust 
on the boule. Then the feed and probe oxygen supplies were turned off and 
a further five minutes allowed before the r.f. power and the remaining argon 
gas flows were switched off simultaneously, to avoid blowing cold qas on the 
boule. The furnace was left to cool overnight before rernovi113 the, boule from 
the candle. 
Some boules were delibe~-ately doped w±th impurities by mixing 
appropriate amounts of either the dopant metal powder, as with Aluminium, 
or the oxide, as in the case of Niobium, with the feed material and trundling 
them together for 24 hours to produce a homogeneous mixture. This treatment 
appeared to have a slight adverse effect on the free-flowing properties of 
the feed, presumably due to a partial breakdown of particle size uniformity, 
though it was still possible to achieve stable feed rates and hence to grow 
single crystals. An alternative doping method, in which the sandy rutile 
particles were coated with a precipitate of Manganese Chloride, following 
evaporation of the aqueous salt solution, was unsuccessful, probably due to 
uneven doping of the feed material. 
2. 3 RESULTS 
In practice the growth rates varied considerably from boule to boule, 
ranging between l and 6 ern. per hour, but most good boules had growth rates 
approaching the automatic withdrawal rate of 3 em. per hour. By weighing the 
final boules and noting the drop in the hopper feed level it was found that 
typically about 70% of the feed was falling on the candle and contributing to 
crystal growth. Altogether about thirty growth runs were performed, of which 
nineteen (B.S. l-19) were catalogued as being like~y to produce single crystals. 
The final outcome was the production of three good pure boules (B.S.3, B.S. 8 
and B.S. 10) , two Aluminium-doped boules of nominal concentration 1000 p.p.rn. 
{B.S. 16) and 8000 p.p.m. (B.S. 18), and two Niobium-doped boules of nominal 
concentration 500 p.p.m. (B.S. 12) and 200 p.p.rn. (B.S. 19). All of these 
11 
boules contained regions of single crystal which were approximately l em. in 
diameter and from l to 3 em. in length. 
B.S. 12, during and after growth. 
Figure 2.3 shows photographs of 
Examination of single crystals by X-ray back-reflection photography 
showed that the growth axis was always within 10° of < 001 > , the c axis. 
Also, the absence of mosaic structure and the coincidence of reflection 
patterns following 180° rotations of the samples showed the crystals to be 
relatively strain-free. 
Samples of some boules were cut, washed in hydrofluoric acid and 
sent, together with samples of sandy rutile,, for mass spectrographic (M.S. 7) 
analysis by Tioxide International. The results are presented in Table 2.1. 
Most impurities in the crystals appear to have been present in the feed 
material in comparable amounts. The sulphur and silicon contents of the 
crystals, however, are significantly higher than in the feed and it is probable 
that these impurities were introduced elsewhere. The silicon impurity may be 
due to the use of quartz tubes and funnel. The origin of the sulphur is 
unclear, though it may be present in the form of sulphur dioxide in the 
atmosphere or as an impurity in the plasma gases. Table 2.1 also demon-
strates the success of the doping experiments and shows that the doping level 
can be closely controlled simply by varying the percentage of dopant material 
mixed with the feed powder. 
Table 2.2 compares the M.S.7 analysis of B.S. 16 with that of a boule 
provided by the National Lead Company, also nominally doped with 1000 p.p.m. 
of aluminium, but grown by the conventional Verneuil method. In general the 
impurity concentrations in the plasma-grown boules are significantly lower 
than in the Verneuil-grown sample. Further indications of crystal purity 
were provided by thermoluminescence and thermally stimulated current measure-
ments (Hillhouse, 1978), which showed the concentration of trapping centres in 
the plasma-grown crystals to be considerably lower than in National Lead crystals. 
Figure 2.3 
(a) (b) 
Photographs of boule B.S.l2, (a) duripg and (b) after 
growth. 
TABLE 2.1 Mass spectrographic analysis (in p.p.m) of impurities in 
source material (DN4,5) and crystals (B.S.l-19) grown by the 
plasma torch technique 
CRYSTAL POWDER 
Element BSl BS3 'BSlO i BSll BS12 BS13 BS14 BS16 BS19 DN4 DN5 
! 
' 
5 4 I i 30 35 12 6 3 Mg ! 30 3 7 12 
: 
Al 11 15 ~ 5 50 10 4 15 1100 40 <1 l 
Si 250 so ' 110 110 300 75 500 so 75 <50 <50 : 
I 
p 100 <2 I <2 <2 I <2 <2 2 2 90 13 13 
s 150 300 700 400 11400 200 1400 700 <40 <40 
K 4 4 3 7 I 7 3 7 7 3 14 13 I 
I Ca 30 7 
: 7 30 I 10 7 10 6 4 6 6 
' 
I 
v o. 3 0.3 0.6 0.6 I ~1 0.1 o. 3 o. 5 0.6 o. 5 o. 5 
I I I Cr ~1 0.4 0.3 o. 7 ~3 0.4 0.6 o. 2 <0.2 <1.5 <1.5 
; 
Mn 0.2 o. 5 i 
I 
o. 3 0.5 0.2 0.3 80 o. 5 <0.1 0.2 0.4 
Fe 18 27 I 4 25 12 5 15 3 14 2 3 
Co <2 <2 I <2 <2 <2 <2 <2 2 <2 <2 <2 ! 
' Cu <1 <1 I <1 <1 <1 <1 <1 c:l <1 <1 <1 
As 0.4 o. 5 o.s 0.8 0.8 o. 3 o. 3 o. 5 o. 5 1.5 0.5 
Sr 0.5 ~1.5 <4 0.1 ~0.6 ~0.4 <0.1 <0.1 
Zr <1 1.5 1 1.5 3 1 <1 3 1 <1 <1 
Nb 4 10 5 <6 500 10 1.5 6 160 1 1 
Mo <2 3 6 10 6 2 <2 3 2 <2 <2 
Sn <1 <1 <1 <1 2 10 6 
Sn <1 <1 <1 <1 1 <1 <1 
Ni ~3 0 0 0 ~0.5 
y o.s 0.8 1.5 
Dopant A1 Nb Mn Al Nb 
Source DN1 DN1 DN4 DN4 DNS DN5 DN5 DN4 DN4 I I I & 5 & 5 I 
TABLE 2.2 A comparison of the impurity levels ( in p.p.m) in a 
plasma-grown boule, B.S. 16, with a National Lead (N.L.) 
boule, grown by the Verneuil method. Both boules were 
nominally doped with 1000 p.p.m. Al. 
Element BS 16 N.L. 
Mg 6 400 
Al 1100 1100 
Si 50 250 
p <2 130 
s 700 400 
K 7 8 
Ca 6 14 
v o. 5 1 
Cr 0.2 1.5 
Mn 0.5 o. 3 
Fe 3 20 
Co 2 <6 
cu <1 <4 
As o. 5 20 
zr 3 3 
Nb 6 3 
Sn <l <2 
Ni ~2 ~5 
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E.S.R. measurements on these crystals will be discussed in Chapter 6. 
The boules produced in runsB.S.l-lSwere all dark blue and this is 
taken as evidence of the chemical reduction undergone during growth. For 
all of these growth runs the tip of the feed probe was positioned about 
0.5 em. below the induction coil, but for the following run the probe was 
lowered approximately l em. further and this had the previously mentioned 
effect of increasing the oxygen content in the tail,of the plasma. The 
resulting boule, B.S. 16, was completely colourless, indicating that it was 
in a fully-oxidized, stoichiometric state. The following boule, B.S. 17, 
was grown using the same feed material as for B.S. 16, but with the probe 
returned to its original position and, although a good single crystal was 
not produced on this occasion, the final polycrystalline deposit was dark 
blue. Moreover, when B.S. 18 was being grown, the probe was raised from the 
lower position to the original position half-way through the process. This 
upset the delicate balance of growth conditions which had to be readjusted 
before crystal growth could proceed. Subsequent examination of the boule 
revealed two distinct regions of single crystal, separated by a grain bounda~J. 
The lower region, which was grown in the first half of the run, was colour-
less, but the upper region was dark blue. This suggests that the degree of 
reduction of the boules may be controlled by the position of the feed probe 
with respect to the plasma and that the main requirement in growing stoich-
iometric rutile crystals is a relatively large oxygen content in the gases 
incident on the growing crystal. The electrical resistivity of cut and 
polished samples were measured using a model 602 Keithley electrometer, with 
Ohmic contacts formed by evaporated Ag. The resistivity of stoichiometric 
samples were typically 1014 Q em, while the reduced samples had resist-
-2 ivities of 10 to 10 Q em. Oxidation of the non-stoichiometric crystals 
increased the resistivity to about 1012 Q em, suggesting that reduction during 
growth is only partially reversible and that full stoichiometry can only be 
achieved by growing the crystals in an oxidising environment. 
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CHAPTER 3 
PRINCIPLES OF E.S.R 
3.1 INTRODUCTION 
All branches of spectroscopy involve the determination of energy 
level separations by exciting transitions between the levels with incident 
radiation of known wavelength and then detecting the resulting changes in 
the intensity of the output radiation. The particular case of electron 
spin resonance (e.s.r) spectroscopy concerns transitions between the 
eueL·gy splittings which are caused by an unpaired electron: s interaction 
with an external magnetic field, with nuclear spins and with surrounding 
atoms. Since materials which contain these unpaired electrons are para-
magnetic, e.s.r. is also referred to as paramagnetic resonance. 
For the magnitude of homogeneous magnetic fields that may easily 
be obtained in the laboratory (~ 1 tesla) the induced energy level splitt-
-1 ings are typically about 1 em , and hence the appropriate radiation which 
is required to promote transitions between the levels is in the microwave 
region of the electromagnetic spectrum" The basic aim of an e.s.r. measure-
ment, therefore, is to detect the absorption of power from a microwave 
beam by a paramagnetic sample during resonance. Unlike most forms of 
spectroscopy, in which the energy of the radiation is varied to match the 
relevant energy level splittings, it is experimentally more convenient to 
keep the microwave frequency fixed and to vary the energy level separations 
by sweeping the external magnetic field through the resonance condition. 
This chapter is intended to be an introduction to the fundamental 
principles of e.s.r. The detailed theory has been covered in several 
standard texts, e.g. Pake (1962), Assenheim (1966), Ayscough (1967). 
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3.2 PARAMAGNETISM 
Electrons in all materials may be considered as possessing two 
types of motion, giving rise to (a) orbital angular momentum, due to 
motion around the nucleus of an atom and (b) an intrinsic spin angular 
momentum corresponding to the electron spinning about its own axis. Since 
electrons possess charge both types of motion produqe magnetic moments and 
hence, in an external magnetic field, the electrons behave as magnetic 
dipoles with a tendency to align themselves to the direction of the field. 
In most materials the electrons are arranged in pairs of opposing spins so 
that there is no net magnetic moment and hence the materials are classified 
as diamagnetic. There are several classes of materials,however, in which 
unpaired electrons can exist, causing an overall magnetic moment which gives 
rise to paramagnetism. Such materials are :-
(a) transition metal and rare earth compounds, where incomplete 
d or f orbitals may leave one or more electrons unpaired 
(b) free radicals, where a bonding electron is left associated 
with only one atom. 
(c) F-centres, in which electrons or holes are trapped at point 
defects. 
(d) atoms or molecules which possess an odd number of electrons. 
(e) metals and semiconductors, in which the conduction electrons 
can cause paramagnetism. 
3.3 ENERGY LEVELS IN A MAGNETIC FIELD 
Quantum theory states that the anqular momentum, and hence also the 
magnetic moment, of the electron may only hold certain discrete values. 
With the simplest case of a single free electron, with no orbital angular 
momentum, the spin-only angular momentum is given by :-
p 
s 
1 
2 
h (3.1) 
and the magnetic moment is . 
11 
s 
B eh 41Tmc 
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(3.2) 
In the presence of an external magnetic field the electron experiences 
a torque which tries to align its magnetic moment vector with the direction 
of the field, but quantisation restricts the number of possible orientations, 
so that the magnetic moment can never be completely parallel to the field, but 
instead it precesses around the field direction at an angular frequency, w , 
0 
where :-
w 
0 
y Ho ( 3. 3) 
Ho is the magnetic field value and y is the magnetogyric ratio and 
is 6 -1 -1 17.6 x 10 sec Gauss for a free electron. The energy of a magnetic 
dipole of moment 11 in the presence of a magnetic field Ho is given by . 
E 11 Ho cos 8 ( 3. 4) 
where 8 is the angle between the magnetic field and the axis of the dipole. 
In the case of a free electron there are only two allowed orientations of 
magnetic moment, corresponding to magnetic quantum numbers, Ms, of ±~, and 
there are consequently only two permitted energy levels, E , described by : 
E 2 B M Ho 
s 
Thus the application of a magnetic field splits the previously-
degenerate electron energy level into two different levels, separated by 
energy 2 B Ho. 
In real systems, where the magnetically-induced energy splittings 
may be affected by additional interactions, the relation of energy to 
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magnetic field is given by • 
E g f3 Ho 
where g is a numerical factor which is determined experimentally. 
to relativistic corrections, g = 2.0023 for a free electron). 
3.4 IN'rERACTION WITH RADIATION 
(3.6) 
(Due 
In order to detect these splittings in the electron energy levels 
it is necessary to excite a transition between two levels with e.m. 
radiation of frequency v , such that :-
h \) g S H 
0 
( 3. 7) 
The mechanism by which the radiation induces a transition is also 
of a magnetic nature and may be thought of as being due to the oscillating 
magnetic field component of the e.m. radiation exerting an additional torque 
on the electron's magnetic moment, causing it to change direction and hence 
its energy when the microwave frequency is equal to the magnetic moment's 
precession frequency. In practice, the excitation of transitions by the 
microwave beam will take place over a range of frequencies on either side of 
the resonant value or, in the normal experimental set~up with a fixed micro-
wave frequency, interaction occurs over a range of magnetic field values, so 
that when the field is slowly swept through the resonance condition, while 
the amount of reflected power is measured, an absorption line of finite width 
is produced. 
Since there is an equal probability of an interaction between the 
microwave beam and an electron causing either an absorption or emission of 
power, the ability to detect such transitions relies on there being an excess 
population of electrons in the lower energy state. The relative populations 
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of the energy levels is given by a Boltzman distribution . 
( 3. 8) 
where n 1 and n 2 are the populations of the upper and lower energy states 
respectively. The net power absorption, therefore, increases as the 
temperature is lowered, causing an increase in e.s.r. signal-to-noise 
ratioo 
To a first approximation, the population difference, 6n 
between the two energy levels may be expressed as :~ 
Ng B 
6n 2kT 
H 
0 ( 3. 9) 
where N is the total concentration of unpaired electrons. Integration 
of the detected absorption line gives a measure of the total net power 
absorbed, P, which is given by 
p 
2 
2 7f 
2 2 2 
v H S(S + l) Ng 
0 
3kT 
B 
where S is the total spin angular momentum. Hence the total amount of 
( 3 0 10) 
power absorbed is proportional to the total number of unpaired electrons 
in the sample. 
3. 5 RELAXATION 
The interaction of radiation with the energy level system would 
rapidly bring about an equalisation of the populations and hence an end 
to the net absorption of power, were it not for the existence of a 
mechanism by \vhich the electrons in the higher energy state can lose 
their excess energy to the surrounding lattice to retain the equilibrium 
population distribution. This spin-lattice relaxation process is 
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characterised by a relaxation time, T1 , which is the time for a spin system 
to lose ; of its excess energy. When T1 is relatively short, as for 
example,is often found with transition metal ions, the equilibrium state 
of the spin system is easily maintained during resonance, though transitions 
may take place over a wide energy range, producing relatively broad 
resonance lines which can be difficult to detect. Since T1 is inversely 
proportional to temperature, the width of resonance lines decrease as the 
temperature is reduced and this provides another advantage in performing 
e.s.r. measurements at cryogenic temperatures. Materials which have 
relatively long spin-lattice relaxation times, such as free radicals, give 
rise to narrow e.s.r. lines, but may be more susceptible to the problem of 
saturation of the spin system if the incident power is of sufficient magnitude 
that the equilibrium population distribution can no longer be maintained. 
This leads to a decrease in the population difference and consequently to 
a fall in the e.s.r. signal intensity. Due to the temperature dependence of 
T1 , saturation effects become more prominent as the temperature is lowered. 
An alternative relaxation mechanism is by a spin-spin interaction 
with other defect centres. Spin-spin relaxation times, T2 , are usually 
shorter than spin-lattice times, and are relatively independent of tempera-
ture. The lineshape of an absorption signal is governed by the relaxation 
mechanism. If spin-lattice relaxation dominates the lineshape is approxi-
mately Gaussian, but if spin-spin relaxation is the main mechanism the 
absorption line is more Lorentzian in shape, and is also more susceptible 
to power saturation effects. 
3.6 THE SPIN HAMILTONIAN 
The discussion so far has mainly referred to the simple case of a 
free electron and its interaction with a magnetic field, since this enables 
the basic principles of magnetic resonance to be more readily understood. 
In practice, when a paramagnetic ion exists in a real chemical environment, 
there are many other interactions which may govern the electron energy 
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levels. The combined effects of these interactions may be expressed 
as terms, of decreasing magnitude, in a general Hamiltonian. 
+ JJ SH + !1 SI + smaller terms (3.11) 
fD is the effect of the crystal field into which the ion is placed and (/fv 
may be described by . 
~e. L~ 
i 
V(r.) 
~ 
where V(r.) is the electrostatic potential at each surrounding ion. 
~ 
J1 LS is the spin-orbit coupling term and represents the interaction 
between the orbital (L) and spin (S) angular momenta. 
11 LS AL. S 
(3.12) 
( 3 .13) 
where A is the spin-orbit coupling parameter. ot/SH is the interaction 
of the electrons with external magnetic field. 
11 SH 13(~ + 2S) H (3.14) 
Jf SI is a magnetic interaction between the electrons and nuclear magnetic 
moments. 
'1-1 SI A.I.S. (3.15) 
where A is the hyperfine splitting constant. 
Placing a free ion into a crystal lattice usually has the effect 
of causing a partial or complete lifting of the orbital state degeneracy, 
since the orbitals are distorted to different extents by the electric fields 
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of the neighbouring ions. In general, a single orbital level is left 
as the ground state, which is thendegenerate only in spin, so that the 
orbital motion can have no direct interaction with the magnetic field. 
Spin-orbit interactions, however, allow some admixing of higher orbital 
states, which may lead to zero-magnetic-field splittings of the spin states 
and departures from free-electron g-values. 
The effects of the various interactions on the lower spin energy 
levels can be represented by a Spin Hamiltonian, which is derived (see 
e.g. Carrington, 1960) using first order perturbation theory. The Spin 
Hamiltonian is a method of describing the behaviour of the spin system, as 
observed by e.s.r., in which the effect of the orbital angular momentum is 
replaced by an anisotropic coupling between the electron spin and the 
external magnetic field. 
S(g H S 
z z z 
+ + 
Thus the angular variation of the resonant magnetic field is a 
reflection of the angular variation of the surrounding crystal field. 
( 3 .16) 
To apply the concept of the Spin Hamiltonian to systems with more 
than one unpaired electron, i.e. S > ~' it is necessary to extend to 
second order perturbation in order to include terms in s 2 which are 
independent of the magnetic field. The resulting Spin Hamiltonian for the 
general case of orthorhomic symmetry, including nuclear hyperfine inter..-
actions, is :-
t/ S(gz H s + gx H s + gy H s ) + AS I + BS I z z X X y y z z X X 
CSy Iy + D [ S z 2 - 1 + 1) J 2 2 + - S (S + E (Sx - Sy ) ( 3. 17) 3 
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The Spin Hamiltonian parameters, g, A, B, C, D and E may be determined 
experimentally by measuring the angular variation of resonance magnetic 
fields. For axial symmetry g 
z 
cubic symmetry g = g = gz = g , A = B 
X y C, D 
~L' c = B, E = o. For 
E = 0. 
Kramers theorem states that for a system containing an odd number 
of unpaired electrons a purely electrostatic field cannot completely remove 
the degeneracy of any level, so that, in principle, e.s.r. can be observed 
in all such systems. When an ion has an even number of unpaired electrons, 
however, it is possible that the crystal field may completely lift the 
degeneracy of the ground state to produce large zero-magnetic field splittings 
of spin levels. If the energy splittings are of significantly greater 
magnitude than the available microwave energy, it is no longer possible to 
excite electron spin resonance transitions. 
3. 7 INTERPRETATION AND APPLICATIONS 
Successful interpretation of e.s.r. spectra can lead to fairly 
detailed models for the relevant paramagnetic centres, by providing informa-
tion on the charge state, the type of binding, the amount of interaction 
with surrounding nuclei and the symmetry of the environment. 
The value of the g-parameter and the magnitude of its departure 
from the free electron value gives an indication of the strength of the 
crystal field and the degree of spin-orbit coupling. The anisotropy of 
the g-value reflects variations in crystal field and hence can be used to 
deduce information concerning the defect site and the crystal structure. 
The identification of a defect or its surrounding nuclei can be particularly 
precise if there are electron-nuclear interactions, giving hyperfine 
struct.ure to the spectra. The magnitude of the hyperfine splitting is 
proportional to both the nuclear magnetic moment and the probability of 
finding the electron at the nucleus. 
Since the area under an absorption line is proportional to the 
number of unpaired spins, e.s.r. can be used as a sensitive, non-destructive 
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method of determining defect concentrations, providing care is taken with 
calibration procedures and the siqnal is not saturated hy excessive power. 
E.s.r. is one of the most powerful tools available for the study 
of defects in insulators, because it can only detect the presence of para-
magnetic centres and therefore obtains results independently of surrounding 
diamagnetic material, which would swamp signals from low concentration 
centres in less selective techniques. E.s.r. has been used to study 
defects which are introduced into a crystal lattice by irradiation or 
dislocation. The charge state of trapping centres can often be deduced from 
the sign of 6g, the difference from the free electron g-value, which is 
negative for an electron trap but positive for a hole trap. The technique 
has been widely applied to the characterisation of impurity centres, such 
as those deliberately doped into single crystals to produce maser materials. 
Apart from the initial analysis of an e.s.r. spectrum to establish the 
identity of a defect, measurements of the variation of spectral intensity 
with time can be used to study reaction rates, e.g. the rates at which 
defects recombine after irradiation (Bartram,, 1976). 
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CHAPTER 4 
PROPERTIES OF RUTILE A REVIEW 
4.1 GENERAL PROPERTIES AND STRUCTURE 
Titanium dioxide can exist in three polymorphic forms, namely 
Anatase, Brookite and Rutile, though the first two forms are metastable 
and can be irreversibly transformed to rutile by heating to 1000° C and 
850° C respectively (Shannon! 1965). Fully stoichiomet:r.jc ruttle is an 
insulator with a band gap of 3.0 eV and is transparent to radiation of 
0 
wavelength greater than about 4100 A which gives it a colourless appear-
ance. The major application of rutile as a pigment in the manufacture of 
white paint is due to its high refractive index (De Vore, 1951) and 
excellent light scattering properties, which have also led to the prod-
uction of gemstones, from single crystals of rutile, with fire and brill-
iance superior to those of diamonds, (Moore, 1948) • Many of the general 
properties of rutile have been summarized in reviews by Cronemeyer (1952) , 
Grant (1959) and Frederickse (1961) • 
The rutile structure consists of a body-centred tetragonal sub-
lattice of Ti4 + ions, with each cation surrounded by a slightly distorted 
octahedron of o2- anions (Fig.4.1). 2-Each 0 ion is associated with three 
1 .4+ . co-p anar Tl 10ns. The lattice parameters of the tetragonal unit cell 
are a = b = 4.594 R and c 2.959 R (Baur, 1956). The two Ti4 + ions in 
each unit cell are situated at (0,0,0) and (~,~~~> and the four oxygen 
ions are at (x,x,O), (-x,-x,O), (~ + x, ~ - x,~) and (~-x, ~ + x,~), where 
X = 0. 306. 
The structure may also be visualised as an ABABA layer structure along 
the c axis, with each A layer composed of parallel -o-O-Ti-0-0-Ti-chains 
along the <110 > axis and each 8 layer consisting of similar chains along 
oC> 
' -it 1\! 
~ 0 
® 0 
-ell 
C) 
., 
-~ 
c 
~ 
.X 
u 
Gl 
"'-m 
~ 
0: 
... 
C» 
-""'" 
"' 
-
N 
0 
o-
• 
-
-0 
ell 
... 
~ 
-u 
::J 
... 
-V'l 
"' 
-V'l ~ 
... 
u 
24 
the <llO > axis. The repeat distance along the chains is /2 a. The 
a 
separation between adjacent chains in the same layer is /:2 and the repeat 
2-distance normal to the layer is c. Thus the octahedron of 0 ions that 
.4+ 
surrounds each Tl ion, e.g. at (~,~~~), is composed of the two neighbour-
ing anions in the same <110> chain at (~ + x,~ - x, ~) and (~ -x,~ + x,~), 
together with two ions from each of the <110> chains in adjacent layers, i.e. 
(x,x,O), (1-x,l-x,O), (x,x,l) and (1-x,l-x,l). The oxygen ion octahedron 
is slightly distorted in two ways. First there is a slight stretch along 
4+ 
the direction of the chain containing the centre Ti ion, so that the 
lengths of the two Ti-0 bolildS along that axis are greater than the other four 
bondlengths. In addition there is a compression of the square formed by these 
latter four ions which results in the O-Ti-0 angle which is bisected by the 
c-axis being smaller than its supplement (see Fig.4.2). Because of these 
distortions, the titanium ion site retains only orthorhombic (D2h) symmetry, 
with 2-fold rotational axes along the <110> , <110> and <001> axes. The 
environments of the two titanium sites in each unit cell, however, are 
equivalent except for a rotation of 90° about the c-axis (the ion chains 
through Ti4+ ions at (0,0,0) and (~,~~~) being along the <110> and < 110> 
axes respectively so that overall the structure has 4-fold symmetry about 
the <001> axis, but only 2-fold symmetry about <110> and <100> type axes. 
4.2 IMPURITIES IN RUTILE 
There are two main types of site in the rutile lattice which may be 
occupied by impurity ions. The first is a substitutional site in which the 
. . . l · 4 + d lmpurlty 1on rep aces a Tl ion an there are therefore two such sites per 
unit cell (see Figo4o3) o It has been found that the majority of impurity ions 
which have been doped into rutile crystals have favoured the substitutional 
site, e.g. Fe, Cr, Mn, Co, Nb. The alternative is an interstitial site, of 
which there are four per unit cell (see Figo4.4), at (0,~,0), (~ 1 0 1 0), (0,~,!~) 
and (~,0,~) o These interstitial sites are also surrounded by a distorted 
octahedron of o2- ions, though in this case their relative orientations are such 
that the four sites differ by rotations of ± a 0 and 90 ± a about the c axis, 
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where a ~ 12.5°. The interstitial site has a slightly larger volume than 
the substitutional site and purely geometrical considerations suggest that 
the former is more likely to be occupied by ions of radius greater than 
0.73 ~. Nickel and copper have been shown to favour the interstitial site. 
The spatial arrangement of the octahedral interstitial sites in stacks 
along the c axis, e.g. (0,~,0), (0,~,~), (0,~ 1 1) etc. gives rise to the 
existence of relatively open channels parallel to the c axis (Huntington,l965) , 
which allow a very rapid but highly anisotropic diffusion, at temperatures 
greater than ~ 800° C, of species with ionic radii less than ~ 0.75 ~. 
This property of the rutile structure has been exploited (Wittke, 1966) to 
give a useful alternative method of doping rutile crystals, other than growing 
boules from impurity-mixed starting material. 
Huntington (1965) also proposed the existence of 4 tetrahedral inter-
stitial sites per unit cell, at (~,0,~), (~,0,%), (0,~,\) and (0,~,%), though 
to date there have been no reports of this site being occupied by any impurity 
ions. 
4.3 ESR STUDIES OF IMPURITIES IN RUTILE 
Pure rutile is diamagnetic and its relatively anisotropic structure 
makes it a suitable host lattice for the incorporation of dopant para-
magnetic ions to form masers. Much of the early work on doping impurities 
into rutile and the subsequent characterisation by e.s.r. methods was carried 
out as part of a comprehensive search for new maser materials (Gerritsen, 
1960), (Schollmeier, 1967), and has been summarized in a review by Low and 
Offenbacher (1965). 
In addition to information about such parameters as the charge state 
and nuclear hyperfine interactions that can usually be gathered from e.s.r. 
measurements, the anisotropic nature of the rutile structure means that it has 
often been possible to determine the lattice site of paramagnetic centres 
and sometimes also the relative location of other neighbouring point defects 
by studying isofrequency diagrams of e.s.r. spectra and relating their 
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angular variation to the symmetry properties of the crystalline 
structure. 
04+ ub ot 0 l 0 0 ll Since there are two T1 s st1 ut1ona s1tes per un1t ce 
vhich differ only by translation and rotation about the c axis, for an 
arbitrary orientation of an external magnetic field the two sites will 
experience different crystal fields along that magnetic field direction 
and hence paramagnetic centres at these sites will undergo different 
magnetically-induced splittings of their energy levels. This results in 
magnetic resonance occurring at two different field values to produce 
two eos.ro absorption lineso The separation of the lines reaches a 
maximum when the magnetic field is directed along a <110> type axis, 
when it is then parallel to different principal magnetic axes at each of 
the two types of substitutional site. As the field direction varies, the 
absorption lines converge until, at all axes in the (100) and (010) planes 
(ioe. including the < 100 > , < 010 > and < 001> directions), the two 
sites are magnetically equivalent, the energy level splittings become 
identical and the resonance lines coincide. 
The e.s.ro spectra of a defect on an oxygen substitutional site, 
e.g. an F-centre, will have the same symmetry properties as one from a 
2-
titanium site, since although there are four 0 sites per unit cell, it 
is only possible to distinguish two different sites with e.s.r. measure-
ments, as pairs of sites, e.go (x,x,O) and (-x,-x,O) have identical 
principo.i magnetic axes, along the <110 > , < 110 > and < 001 > 
crystalline directions, which differ from those of the other two sites, 
at (~ + x, ~-x, ~) and (~ - x, ~ + x, ~) only by a 90° rotation about the 
< 001 > axis. All paramagnetic defects on substitutional sites, there-
0 fore, give rise to e.s. r. spectra which display a 90 periodicity about 
the < 001 > axis. 
A defect which occupies the octahedral interstitial site will 
generally exhibit four e.sor. absorption lines for an arbitrary orientation 
27 
of the crystal with respect to the magnetic field. The field separation 
of the lines is a maximum when the field direction is 
0 
"' 12. 5 from 
<110> type axes, in the (001) plane, though this angle may vary for 
different defects, since they will distort the surrounding lattice to 
differing extents. When the field is parallel to < 110 > and < 100> type 
axes, different pairs of sites become magnetically equivalent, resulting 
in two absorption lines, and when the magnetic field coincides with the 
<001> axis all four sites become magnetically indistinguishable, to give 
only one resonance line. 
E.s.r. spectra of greater multiplicity may be encountered when 
the local crystal field at one of the above mentioned sites is perturbed 
by the presence of a neighbouring point defect. A maximum of eight 
different magnetic complexes may be distinguished in one unit cell, to 
give eight absorption lines for an arbitrary field orientation, two lines 
-
when parallel with < 110 > , < 110> , < 100 > and < 010 > axes, and 
again only one line when parallel to the < 001 > axis. The magnetic axes 
of the main defect, which may be deduced from the angular variation of the 
e.s.r. spectrum, may also suggest the relative location of the perturbing 
defect. 
The e.s.r. line multiplicity that may be expected from different 
sites at specific magnetic field orientations are given in Table 4.1. 
The following section summarizes the e.s.r. data relating to impurities 
in rutile, together with other relevant results. The spin Hamiltonian 
parameters for the various spectra are presented in Table 4.2. 
4.3.1 Chromium 
Chromium-doped rutile was first studied by Gerritsen (1959), who 
3+ .4+ deduced that Cr substitutes for T1 • 3+ 3 Cr is a 3d ion in which the 
singlet orbital ground state energy level is split by the crystal field 
into two Kramers doublets, separated by }: • 4 3 cn-l in Y.t-~ 1·o maqnetic. field. 
Application of a magnetic field then splits the doublets by differing 
TABLE 4.1 
Multiplicity of e.s.r. lines exhibited by a S = ~, I = 0 centre for 
different site symmetries at various orientations of crystal axes with 
respect to the external magnetic field. 
~ 
-
I Arbitrary 
~ 
--
' --- Axis 
-------
<001> <100> <010> <110> <110> 
Site -~--~--"~:-- I 
Ti or 0 l l l 2 2 2 
substitutional 
Octahedral l 2 2 2 2 4 interstitial 
I 
I 
I 
I 
I ' I Lower symmetry l 2 2 2 2 i 8 I 
l I 
; 
l i 
""~~ ..... - ._. • ...,.~'-· ..0: U..&o....UU'!i;;;;i'-~.&o.W ...._,.&.. ..I..U.~_t·"•4..L.L.'-:J ..I....._,J."-W ..&.~.L .1.'-U.'-..&...J..<;;;;; 
J I ! Other Data 
! i Ion 9 uo I gllO 9001 D E Remarks Site Reference i I 
I 
Cr 3+ 1. 97 I 1.97 1.97 0.55 em 
' 
-1 0.27 em -1 -4 -1 A= 1.5x10 em Subst. Gerritsen(1959) 
Cr 5+ 1. 928 i 2.105 1.976 lsubst. Soehava ( 1972) 
3+ i I Fe 2.000 I 2.000 2.000 20.38 GHz 2.06 GHz a=Oa84 GHz, F = 0.6:3 GHz lsubst. Liehtenburger 
I 
! (1969) 
. 2+ g =2.10 i g =2 0 20 2.10 -25 GHz x,z are '1,5°from<1lO>in the (001) ! Inter-N~ 4.125 GHz Gerritsen ( 1962) 
X z plane. istitial t.1: 
. 3+ g =2.085,g =2.254 2.085 x,zare'\,9°from<llO>in the (OOl)plane.!Inter- " " N~ 
X I z I istitial 
Ni 3+ 
i 
2.050 2.272 2.237 lsubst. " " 
4+ I 
Mn 1.99 1.99 1.99 12.1 GHz 3.88 GHz A = 215 MHZ lsubst. Andresen(l961) 
Mn3+ 2.00 2.00 1.99 -3.4 em -1 Ooll6em -1 -4 -1 I AllO = 84.5 x 10 ern -4 -1 
AllO = 52o8 X 10 em I Subst. Gerritsen(l963) 
I 
-4 -1 I A = 80.6 x 10 em 001 
Co 2+· . 
I 
2.19 5.88 i 3.75 Subst. Yamaka(l962) 
4+ g =1.986 g =1.993 ,g =1.941 1 -4 -1 v A = 45o4 X 10 em Inter-
X y Z X 
stitial 
I 
j 
-4 -1 
' 
I A = 60.5 x 10 em Kubee (1972) ! y 
-4 -1 
A = 111.4 x 10 em 
z 
4+ ! 31 X 10-4 -1 v 1.915 1.956 1.913 A = em 
X 
43 X 10-4 -1 A = em Subst. Gerritsen(l960) y 
-4 -1 
A = 142 X 10 em 
z 
' Ion 9uo 9110 gOOl D E Remarks Site Reference 
cu2+ -4 -1 -Ll -1 I 2.109 2.346 2.094 A =19xl0 em A =19xlO · em 
xl x2 I 
-4 -1 -4 -1 A =27x10 em A =29xlO em Subst, Ensign ( 1969) 
yl 
-4 
y2 
-4 -1 -1 
A =-87x10 em A =-94xl0 em 
zl z2 
4+ ;·.~ -4 -1 Nb 1.981 1.973 1.448 ]1,. = l . 66 x 10 · ·::m 
X 
-4 -1 A = 7.93 x 10 o::m Subst. Zimmerman y 
-4 -1 (1973) 
11,. = 2o 32 X 10 •::m 
z 
3+ 1.97 1.94 5.58 em -1 Oo99 em -1 Subst. Ohlsen ( 1973) Mo 1.95 
5+ 1.8155 1. 9167 1. 7923 Subst. Chang (1964) Mo 
5+ 1. 4431 -4 ·-1 I w 1.4725 1.5944 A = 41 x 10 em 
X I I 
I -4 ·-1 ! I 
I 
A = 64 x 10 em j Subst. I Chang (1966) 
I i y 
' 
-4 ·-1 
z 
4+ 1.979 1.945 Ta 1.979 
-4 -1 Subst. I Chester(l961) A 'V 2.5 x 10 em 
Pt3+ 
I i 
l. 9777 l. 9743 1.9436 ' Subst. Chandrashekhar 
(1976) 
Ce 3+ 2.06 4.39 3.86 
I 
Sub st. Chester ( 1961) 
' I 
I i l I 
/8 
amounts so that in general two transitions are observed (giving four 
absorption lines for an arbitrary field orientation). The lines are 
relatively narrow even at room temperature, enabling the detection of 
53 hyperfine splitting from the I = 3/2, Cr isotope (9.5% natural abundance). 
Although it was concluded that most of the chromium in rutile is in a 
trivalent state, it was also realised that it might not be possible to 
2+ 4+ . detect other Cr oxidation states (Cr or Cr ) by e.s.r. J.f the zero 
magnetic field splittings were too large. Mirlin (1970) has suggested 
3+ 4+ 
that some of the Cr ions can be converted to Cr by annealing the 
sample in an electric field, a view that was supported by Sochava (1972) 
in reporting a weak e.s.r. spectrum which was produced by the same technique 
5+ 
and assigned to Cr (3d'). 
. 
3+ . 4+ . h . h . th S1nce a Cr ion on a Tl s1te as a negat1ve c arge w1 respect 
to the lattice there must also exist other defects of opposite polarity 
in order to retain overall charge neutrality. Such defects could be 
interstitial titanium or chromium, or oxygen vacancies. Analysis of 
relatively weak e.s.r. signals in heavily chromium-doped rutile crystals 
3+ (Ikebe, 1969) showed that, in addition to the main substitutional Cr 
spectrum, there were two other spectra, the angular variations of which, 
suggested that they represented complexes of substitutional cr3+ with 2nd 
and 3rd nearest neighbour oxygen vacancies respectively. This shows that 
3+ 
a small percentage of the Cr ions are locally charge-compensated. Sochova 
3+ (1970) found that the intensity of a Cr -oxygen vacancy spectrum was 
increased by mild chemical reduction of the crystal, presumably due to 
3+ 
the creation of more vacancies near previously unperturbed Cr ions. 
Stronger reduction, however, had the effect of decreasing the spectral 
intensity while giving rise to an optical absorption banda This behaviour 
was interpreted as due to electrons bPing trapped at some of the oxygen 
vacancies. 
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4.3.2 Iron 
Early e.s.r. studies (Carter, 1960) showed that iron also occupies 
.4+ 
a Tl substitutional site in the rutile lattice in a trivalent state. 
3+ 5 
Fe has a 3d electronic configuration with a 6-fold degenerate singlet 
orbital ground state, which is split into three Kramers doublets by the 
-1 
crystal field, with zero-magnetic field splittings of 2.68 and 1.43 em 
which prevent transitions occurring between the different doublets, except 
at very high magnetic fields or microwave frequencies. At X-band frequencies 
only two transitions are usually observed, the lines being relatively narrow 
and easily detected at room temperature. 
Because Fe 3+ has a half-filled electronic shell (3d5), it is an 
S-state ion with zero orbital angular momentum, so that there can be no 
significant spin-orbit coupling and the g-value is very close to 2. It is 
therefore necessary to turn to still higher orders of perturbation and 
introduce terms in s4 in order to produce a complex spin Hamiltonian which 
will describe the observed energy splittings :-
a 
+ b 
+ 84 _ 707) 
z 16 81] + 16 
( 4 .1) 
Iron has not been reported in any other oxidation state in rutile, 
2+ 4+ 
though this may simply be due to other states, e.g. Fe and Fe , being 
invisible to e.s.r. detection and in fact the existence of valencies other 
than the trivalent state has been inferred (Sandin, 1969) from specific 
heat measurements. Johnson (1968) suggested that some iron may formas metal 
precipitates which impart a red-brown colour to rutile crystals. 
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Several extra e.s.r. spectra have been observed in Fe-doped 
3+ 
rutile (Anderson, 1973) and assigned to complexes of substitutional Fe 
with other nearby point defects. 3+ One was identified as Fe with a 
th 3+ . d "th nearest neighbour oxygen vacancy, ano er as Fe assoc1ate Wl a proton 
in an interstitial site and a third spectrum was tentatively attributed to 
3+ . . 1 . 3+ l a Fe -interstltla Tl comp ex. The nature of the defect pairs suggest 
3+ 3+ that Fe has a stronger affinity than Cr for positively charged defects 
in the rutile lattice. 
When studying a rutile crystal which had been co-doped with iron 
and molybdenum, t·aughnan (1<168) observed that irradiating the crystal with 
0.39- 0.43 ~m radiation at 77 K had the effect of decreasing the intensity 
of the Fe 3+ e.s.ro signal, increasing the Mo 5+ signal intensity and also of 
inducing increased optical absorption at -1 rv 20,000 em This photo-
chromism was then interpreted as due to a charge transfer mechanism of the 
type :-
3+ 4+ 
Fe - Fe + e ( 4. 2) 
Clark (1970) also considered that the photochromic behaviour was 
due to a charge transfer involving iron, but thought that a different 
reaction took place :-
3+ 
Fe 0 
where 0 
+ e 
2+ 
-Fe 0 
signifies a nearest neighbour oxygen vacancy. 
( 4. 3) 
Measurements of the bleaching rates of the radiation-induced absorption 
suggested that the photochromic centre is an electron trap with thermal 
and optical ionization energies of 0.5 and 2.5 eV respectively. 
4.3.3 Nickel 
Nickel occupies the octahedral interstitial site in the rutile 
lattice and e.s.r. spectra representing both the divalent and trivalent 
states have been reported (Gerritsen, 1962) • Ni 2+ is a 3d8 , S =lion 
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with a very anisotropic spectrum and a highly temperature-dependent 
linewidth which prevents its observation at temperatures above '\.. 100 K. 
,3+ 7 l N~ , however, has a 3d , S = 2 , electronic configuration with narrow, 
relatively isotropic lines which are easily detected at room temperature. 
Optical irradiation of nickel-doped rutile at room temperature produced 
h . h lab ll d '1' h ' ' I • 3+ a third eos.ro spectrum w ~c was e e ~g t-sens~t~ve N~ This 
spectrum had the symmetry of a centre on a substitutional site and its 
intensity slowly decayed again after irradiation had ceased. 
4.3.4 Manganese 
Manganese occupies the Ti
4
+ substitutional site in the rutile 
lattice and e.soro spectra representing both the trivalent (Gerritsen, 1963) 
and tetravalent (Andresen, 1960) states have been reported. 55 Mn (100% 
natural abundance) has a net nuclear spin of 5/2, so that in general 
manganese e.s.r. spectra may be clearly distinguished by having six equally 
spaced resonance lines for each transition. 
Mn4+ is isoelectronic with cr3+, having a 3d3 electronic con-
figuration. The resonance lines are narrow and observable at room tempera-
ture, though at certain crystal orientations the spectrum becomes extremely 
complex due to the appearance of many 'non-allowed' hyperfine transitions 
giving rise to about forty closely spaced lines. 
3+ 4 
Mn is a 3d S = 2 iono The e.s.r. signal can only be detected 
at temperatures below '\.. 80 K, due to its rapid spin-lattice relaxation. 
a-irradiation of a manganese-doped rutile crystal at 77 K (Gerritsen, 
1963) . 4+ caused a decrease ~n the Mn intensity, and the simultaneous 
2+ 
appearance of a new signal, which was interpreted as Mn This process 
was reversed by warming the sample to room temperature. 
4.3.5 Other Dopant Ions 
2+ 7 l Cobalt occupies the substitutional site as Co (3d , S = - ) , 
2 
(Yamaka, 1962). The 7/2 nuclear spin causes each main transition to be 
represented by eight hyperfine absorption lines. Miyoko (1967) has 
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reported extra spectra in cobalt-doped crystals which were interpreted 
2+ 
as resulting from complexes of Co ions with nearest neighbour oxygen 
vacancies. 
Vanadium also has a 7/2 nuclear spin and usually substitutes for 
Ti4 + as v4 + (3d', S = ~) 1 (Gerritsen, 1960). The short spin-lattice 
relaxation time means that the absorption lines rapidly broaden as the 
temperature is raised above 77 K. Kubec (1972) concluded that some of 
the vanadium ions could be transferred from substitutional to interstitial 
sites by reducing the crystal in a vacuum at 900°C and then annealing at 
Divalent copper ( 3d9 , S = ~ ) can exist on either the substitutional 
(Ensign, 1969) or the interstitial (Kersseu, 1973) site in rutile. The 
e.s.ro spectra of copper are especially distinctive, due to the existence 
. 63 65 
of the two ~sotopes, Cu (69%) and Cu (31%), both with nuclear spins of 
3/2, but each with different nuclear magnetic moments, so that usually 
each main transition is split into two groups of four absorption lines, 
each with their characteristic hyperfine splitting constants. 
Chester (1961) and Zimmerman (1973) have studied niobium-doped 
rutile, in \·!hich Nb4 + (4d', S = t, I= 9/2) substitutes for Ti4 +. At 
temperatures below~ 25 K the e.s.r. spectrum consists of ten distinct 
hyperfine components, but as the temperature is raised these broaden and 
appear to coalesce into one absorption line. 
Molybdenum also occupies the substitutional site in rutile and 
e.s.r. spectra representing both Mo 5+ (4d', S = ~) (Chang, 1964) and 
3+ 3 3 Mo (4d 1 S = 2 ) , (Ohlsen, 1973) have been reported. Ohlsen deduced 
3+ 4+ 5+ 6+ 
that molybdenum can exist as Mo , Mo , Mo or Mo in rutile and 
suggested that transitions between the different oxidation states could 
be induced by altering the Fermi level during reduction-oxidation heat 
treatments. 
Superhyperfine interactions with neighbouring Ti4 + (7.7% natural 
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abundance) and Ti49 (5.5%) isotopes have been observed with several of 
the impurity ions mentioned above (Yamaka, 1964, Chang, 1964), the main 
criterion for observation being that the maximum field separation caused 
by the interaction is greater than the linewidth of the main eos.r. signal. 
E.s.r. spectra have also been reported from the following larger 
dopant ions in rutile :- WS+ (5d', Chang, 1966) 4+ ; Ta (5d', Chester, 1961); 
3+ 7 3+ 3+ Pt (Sd , Chandrashekhar, 1976); Ce (Chester, 1961) and Gd (Yamaka, 1963). 
The data presented in this section and sw:unarised in Table 2 shows 
that all of the first row transition metals can be doped into rutile and 
that most can exist in more than one valence state in the lattice. Charge 
transfer between the different states can be achieved by optically exciting 
transitions or by adjusting the Fermi level of the crystal" Kingsbury 
(1968) developed a technique for varying the Fermi level in a controlled 
manner which involved heavily doping the crystal with lithium. This forms 
a very shallow donor level and hence raises the Fermi level to just below 
the conduction band. Successive oxidation treatments then gradually reduce 
the lithium concentration and therefore lower the Fermi level, which is 
assumed to be at the centre of the band gap in a fully oxidised sample. 
This technique was later used (Mizushima, 1972) to give estimates of the 
relative positions which impurity ions occupy with respect to the rutile 
energy band structure. A single crystal was co-doped with iron, chromium, 
mangangese and vanadium and the intensities of the resulting e.s.r" spectra 
were monitored as the Fermi level was adjusted" The conclusions suggested 
3+ 3+ 4+ 5+ 
that Fe , Cr , Mn and V levels are situated near the valence band, 
4+ 3+ v3+, 2+ V and Mn are approximately at the centre of the band gap, Mn and 
Fe 2+ are near the conduction band and the cr2+ level is above the bottom 
of the conduction band. 
4"4 NON-STO!CHIOMETRIC RUTILE 
When rutile is chemically reduced, by heating in a vacuum or a 
reducing atmosphere such as hydrogen, its colour changes to successively 
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darker shades of blue as the resistivity decreases to that of an n-type 
semiconductor. The increased conductivity is due to the creation of 
shallow intrinsic donor centres at energy levels just below the conduction 
band and the blue colour is caused by a broad free carrier absorption 
band centred on ~ 1.7~m(Cronemeyer, 1952). There has been considerable 
uncertainty, however, concerning the exact nature of the defect structure 
in non-stoichiometric rutile. 
In principle the defects may be either interstitial titanium ions:-
Ti02 ~(1-x) Ti02 + x02 +X Ti
4
+ + 4 X e 
or oxygen vacancies, v 
0 
TiO ->-
2 Ti02 (l-xJ + + 4 x e 
Initial conclusions from electrical and optical properties 
(4. 4) 
(4. 5) 
(Breckenridge, 1953) favoured oxygen vacancies. Other workers supported 
interstitial titanium as the dominant defect, with evidence from internal 
friction results (Carnahau, 1963) proton beam scattering measurements 
(Yagi, 1977) and studies which showed that very strongly reduced rutile 
consisted of parallel sheets with the normal crystal structure, separated 
by grain boundaries with Ti in octahedral interstitial sites (Hurlen, 1959), 
Kofstad (1967) suggested that whether Eqn 4.4 or Eqn. 4.5 occurred on 
reduction depended on the reduction temperature and the oxygen partial 
pressure, a view which was supported by density measurements (Barbanel, 
1969) and oxygen vacancy diffusion studies (Iguchi, 1972) which concluded 
that titanium interstitials only form at temperatures 0 ~ 600 C, when they 
become the dominant defect, though oxygen vacancies can form at much lower 
temperatures. Internal friction (Wachtman, 1966) and dielectric relaxation 
(Dominik, 1967) results have suggested that the donor centres in reduced 
rutile may not be simple isolated defects but rather complexes 
of either titanium interstitials or oxygen vacancies with one or more 
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trivalent substitutional impurities. 
4.5 E.S.R. IN tJON-STOICHJOMETRIC~RU'l'ILE 
Much of the e.s.r. data gathered from reduced rutile crystals 
has also been the subject of considerable discussion, since the 
spectra are open to more ambiguous interpretation than those produced by 
impurity ions. A signal in hydrogen-reduced rutile (Chester, 1961), which 
was only detected at temperatures below ~ 10 K, was assigned to interstitial 
.3+ Tl , on the basis of its multiplicity and angular dependence, and was 
accepted as such and its detection was widely quoted in the literature as 
evidence of Ti 3+. This interpretation of the spectrum has since been 
disputed (Shen, 1974), however, and the signal is now thought to originate 
from interstitial hydrogen, which readily enters the lattice during chemical 
reduction, with an electron being loosely bound to it below 10 K, giving 
rise to the e.s.r. signal. Bogomolov (1968) observed a different e.s.r. 
0 
spectrum in a sample which was reduced in hydrogen at 900 C and measured 
at 77 K. and assigned it to an F centre. Ti3+ on a normal titanium site 
was reported by Gerritsen (1962). Another spectrum with similar g-values 
was produced in a rutile crystal which had been grown by an electrolytic 
technique and thereby heavily-doped with platinum (Chandreshekhar, 1976) . 
This was also attributed to substitutional Ti 3+, with further supporting 
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evidence coming from the observation of hyperfine interactions with Ti 
and Ti49 , with a significantly larger field splittings than those resulting 
from Sl!Perhyperfine interactions that have been observed with other defects 
(Yamaka, 1964) • Chester (1964) examined crystals which had been grown by 
a zone-refining technique and then subjected to different degrees of 
reduction by various methods. A large number of e.s.r. spectra, including 
3+ 
those previously ascribed to interstitial and substitutional Ti , were 
isolated. Several were only observed in crystals which had been heavily 
doped with aluminium and reduced in vacuo. Kerssen (1973) also investigated 
vacuum-reduced, Al-doped crystals and distinguished several more different 
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paramagnetic centres, two of which were interpreted as electrons trapped 
on Ti 4+ ions near associated interstitial Al 3+ ions. 
A summary of the various e.s.r. spectra detected in reduced rutile 
is presented in Table 4. 3', together with interpretation, where 
available. It appears that many of these 'intrinsic' e.s.r. spectra only 
appear in crystals which also contain extrinsic defects, notably aluminium. 
This suggests that the presence of these neighbouring impurity ions can 
sufficiently perturb the normal titanium (or oxygen vacancies) sites to 
alter their potential ·,.;i-ch respect to the lattice. The sites then become 
capable of trapping charge to form paramagnetic centres. 
4.6 E.S.R. IN IRRADIATED RUTILE 
Irradiation of rutile crystals can lead to the creation of two 
classes of defects which may be detected by e.s.r. First, the incidence 
of high energy (e.g. neutron) radiation can cause atomic rearrangements 
and produce new centres (e.g. interstitials and vacancies) , which were 
not present in the unirradiated state. Lower energy(e.g.ultra-violet)radiation 
ts usua~ly insufficient to disturb the interatomic arrangement but can 
cause electronic transitions across the energy band gap. This may then 
lead to the filling of energy states in the band gap which are normally 
unoccupied in equilibrium conditions and which, by cooling to sufficiently 
low temperatures, may be thermally isolated from the transport bands to 
enable the detection of e.s.r. spectra from these post-irradiated meta-
stable defect centres. 
Young (1961) observed several e.s.r. signals in rutile.samples which had 
been subject to y-irradiation at 77 K. Tw~ of the spectra had the symmetry of 
substitutional sites. It was also noticed that y-irradiation had the effect 
d . th . . . f 3+ 3+ d h . 't of re uc~ng e ~ntens~t~es o Fe , Cr an ot er ~mpur~ y spectra. 
These effects could be reversed either by exposing the crystal to visible 
light or by annealing. Neutron irradiation of rutile (Weeks, 1961) produced 
TABLE 4.3 EoS. R. Parameters of Defects in Non-Stoichiometric Rutile 
I I 
Inter- I gllO gllO goo1 Remarks preta- Reference 
tion 
g =1.941 0 Chester (1961) g =1. 974 :g =1. 977 x,y are 19 from Inter-X . y z 
stitial I 
.3+ T~ 
l<llO>in (001) plane Inter- Shen (1974) 
stitial I I I H+ 
I 
1.965 ! 1.965 1.935 F centre Bogomo1ov(1968) 
1.975: 1.978 I 1.953 Subst. 3 Gerritsen ( 1962) ' i ! . + T~ j i 
1. 9777 1.9743i 1.9436 seen in Pt-doped crystal Subst. 3 iChandrashekhar I I Ti + I (1976) I ! I 
.3+ 3) I g =1.916 ~ =1.952 I 1.814 vacuum-reduced Al-doped T~ -Al 3 jKerssen(1973) X y I 
-Al +/ 
I ' ,3+ .3+ i 1.932 II II g =1.850 ~ =1.885 I T~ -T~ X ! y 
-A1 3+-l\.1 3+ I I I g =1.962 6 =2.040 1.709 II II I II 
X ' y 
I I 1.965 ~ 1.965 1.965 II F centre II I 
I i g =1.885 =1.915 1.825 II I 
II 
I 
X ly I 
ITr < 1 
0 !chester(1964) 1.980 ; 1.978 I 1.956 450 c F centre 
I 
I I 
I 
trivalent 
I impurity I ! 
I 
1.923 1.896 I 1.793 A1-doped . 3+ . th II i T~ w~ 
I nearby Al i I i ! I 1.923 1.912 1.828 II II ! 
1.924 1.957 1. 78 Reduced in H2 : II I 
I 
1.985 1.989 1.932 ! II 
1.964 1.971 1.971 ! II i 
I 
1.964 1.994 1.928 iTi-doped II 
1.954 i 1.979 1.950 II II 
I 
I I 
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a new paramagnetic centre which was stable at room temperature. 
Purcell (1971) made a study of paramagnetic defects in rutile 
which were produced by neutron reactor irradiation at 140 K and y-irradiation 
at 77 K, with e.sere spectra recorded at 4.2 and 77 K prior to warm-up. 
At least four different species were isolated, all of which were annealed 
out by subsequent warming to room temperatureo One spectrum, which was 
created by neutron irradiation and had substitutional site symmetry, was 
assigned to a singly charged oxygen vacancy. Isochronal annealing between 
110 K and room temperature suggested that the oxygen ion recombines with 
the vacancy at temperatures above ~ 233 K. This centre could not sub-
sequently be recreated byy-irradiation at 77 K. This sequence of treatmen~, 
however (neutron irradiation at 140 K, warm up to room temperature, followed 
by y·radiation at 77 K) produced a new e.s.r. spectrum, which was interpreted 
as being due to the displacement, during reactor irradiation, of titanium 
ions to interstitial sites, where they were then able to trap electrons during 
y-irradiation to give interstitial Ti 3+ centres. This interpretation was 
b h d . f .47 d .49 h f. supported y t e etect1on o T1 an T1 yper 1ne structure. The inter-
stitial titanium ions slowly recombined if the crystal was left at room 
temperature. TWo other weaker spectra were also tentatively assigned to 
Ti 3+, one with substitutional symmetry and the other with the symmetry of 
an interstitial or perturbed substitutional site. The spin-lattice 
relaxation times of these defects were too long to permit e.s.r. measure-
ments at 4.2 K, due to power saturation effects. 
Following u.v. irradiation of an aluminium-doped rutile crystal 
at 5 K (Zwingel, 1976), three separate e.s.r. spectra, all with the 
characteristic superhyperfine structure associated with the 5/2 aluminium 
nuclear spin, were identified as being due to holes trapped on one of the 
oxygen ions surrounding a substitutional Al3+ ion, with some having a 
second Al3+ ion in an adjacent unit cell. The single Al centres were 
thermally emptied after heating to 40 K. The double Al centres apparently 
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formed deeper traps, which were filled duri~g the thermal emptying of the 
single Al centres and which were in turn emptied by heating to ~ 55 K. 
Furthermore, it was noted that u.v. irradiation at 5 K caused both the 
. 3+ 3+ d~sappearance of Fe and Cr e.s.r. lines and the creation of four 
new, unidentified lines. These photo-induced changes could all be reversed 
by heating the crystal to temperatures above 180 K. Table 4 summarises 
the e.s.r. spectra detected in irradiated rutile. 
4. 7 TRAPPING LEVELS IN RUTILE 
Single crystals of rutile invariably contain relatively large 
concentrations of defect centres, with energy levels in the forbidden 
band gap, which are able to trap charge carriers. Their existence is mainly 
due to the comparatively crude crystal growth techniques which have to 
be employed, as a consequence of the high melting point of rutile. A 
desire to understand and characterise the trapping properties of these 
centres in rutile has led to a considerable amount of investigations by 
such techniques as thermally stimulated conductivity (TSC) and thermo-
luminescence (T.L.). Basically these technqiues involve cooling the 
crystal to a cryogenic temperature, usually 77K, irradiating with ultra-
violet (i.e. with radiation of energy greater than the band gap of 
"' 3 .. 0 eV) ,,"!:hereby filling the traps with charge, then raising the tempera-
ture at a constant heating rate while measuring the conductivity (TSC) 
or luminescent emission (T.L.). As each set of traps is thermally 
reconnected with the transport bands, peaks in the luminescence and 
conductivity are detected as excess charge is freed and then recombines 
via the luminescence centres. Detailed analysis of the curves of current 
or luminescent intensity vs time can then lead to estimates of the traps' 
density, their capture-cross-section and their ionization energy, though 
such calculationsinvolve s€ve:r:al a'ssumptions and require a 
knowledge of the trapping kinetics. 
TABLE4.4 E.S.R. Parameters of Defects created by Irradiation of Rutile 
1.92 
2.00 
1.964 
1.935 
1.969 
1.991 
1.998 
1.966 
g =2.0192 
X 
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These techniques were first used to study rutile by Addis (1968) , 
who detected the same eight shallow traps in 'pure' rutile crystals, by 
both T.S.C. and T.L. from a luminescence band at ~· 850 nm. The peak 
0 
temperatures of the glow curves (derived with a heating rate of 30 per 
minute) are presented in Table 5, together with their trap depths which 
were calculated by Fermi analysis (Bube, 1960), with the assumption that 
fast-retrapping (bimolecular) kinetics prevailed. 
It v:as concluded that they were all indicative 
of electx:on traps. Further measurements (Ghosh,1969), 
involving infra~red bleaching of T.L. curves, gave estimates of optical 
ionization energies which were generally ~ x 2.5 greater than the 
thermally-generated values. 
The presence of levels deeper into the band gap was inferred 
from photoconductivity and photoluminescence spectra and also from the 
fact that T.S.C. and T.L. curves could be generated, though with lower 
intensities, using radiation of wavelength greater than 0.4 ~. The 
wavelength at which thermoluminescence could no longer be generated 
(~ 0.6-0.7 ~) was interpreted as an indication of the optical ionization 
energy of the luminescence centre. No firm conclusions could be made 
with regard to the identity of the trapping centres, however, though it 
was speculated that the luminescence centre and the trap with a T.L. peak 
at 169 K may be due to interstitial Ti 3+ and oxygen vacancies respectively. 
Increased resolution of the emission band at 850 nm by measurements made 
at 4.2 K in pure and chromium-doped crystals (Grabnev, 1970), have since 
suggested that the luminescence centre is substitutional cr3+. 
Recent work performed in this department (Hillhouse, 1978) involved 
the detection of T.S.c., T.L. and photoconductivity spectra in order to 
compare the distribution of defect centres in commercial verneuil .-grown 
crystals and those grown by the plasma torch technique. The same trapping 
levels were found in both sets of crystals, though the trap densities 
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appeared to be considerably lower in the plasma-grown, stoichiometric 
samples. The trapping parameters were calculated by a variety of 
analysis methods and the main data is summarized in Table 4. 5. The 
discrepancy between these trap depth estimates and those derived by 
Addis et al was explained by the initial assumption of fast-retrapping 
kinetics being inappropriate, a conclusion which was supported by a 
method of analysis used to predict the order of kinetics (Chen, 1969) 
which suggested that the recombination mechanism was in fact intermediate 
between the two extremes of monomolecular and bimolecular kinetics. The 
effect of reduction in vacuum on trap density was also studied, with the 
conclusion being reached that the concentrations of the three shallowest 
traps were increased as the conductivity of the sample was raised by 
reduction. The high temperature peaks of the T.S.C. curves were swamped 
by increased dark current in the reduced crystals. Again, no conclusions 
regarding the identities of the traps were made, though studies of crystals 
doped with various transition metal ions failed to directly associate 
chemical impurities with any of the trapping centres. 
! 
TABLE 4.5 T.S.Ca data of defects in rutile, comparing peak 
temperatures (TP) and estimated trap depths (Et) 
derived by Addis (1968) and Hillhouse (1978) • 
i 
Addis Hillhouse 
T (K) Et p (eV) T p (K) 
91 0.27 92 
106 0.28 104 
121 o. 32 121 
169 0.48 176 
200 0.56 -
241 0.62 I 245 
I 
296 o. 76 I 300 
i 
334 0.87 I 330 ; 
I 
i 
I 
' 
I 
f 
Et (eV) 
-
0.13 
0.24 
0.37 
-
o.s1 
0.61 
0.69 
5.1 APPARATUS 
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CIIAPTEn. 5 
EXPERIMENTAL APPARATUS AND TEaiNIQUES 
5.1.1. E.s.R~ Spectrometer 
Most of the e.s.r.measurements were made w.ith a Varian V-4502-15 X-bana 
spectrometer, a block diagram of which is presented in Fig 5.1. The 
following section is intended to summarize the basic features of the 
spectrometer, though more detailed information may be found in the books 
by C.P. Poole (1967) .and Wilmshurst (1967) • 
The microwave source is an X-band klystron valve which can be 
tuned to adjust the output frequency over a range of~ 9.5 ± 0.5 GHz. 
The klystron is coupled to a waveguide which transfers the microwave output,via 
an isolator and a variable attenuator, to the 1st arm of a microwave 
bridge or magic Tee. This is a device which will not permit power to 
pass directly into the opposite arm. Thus the incoming source power is 
equally divided between the two adjacent arms, 2 and 3. Arm 2 is terminated 
by a matched load and arm 3 is terminated in a microwave cavity which is 
located in the magnet gap. Power will only enter the fourth arm of the 
bridge if either arm 2 or arm 3 reflects some of the incident power from 
arm 1. 
The cavity consists of a resonant section of waveguide in which 
the microwave power builds up standing waves of high electric and magnetic 
fields and the sample is placed in a region of maximum r.f. magnetic field. 
This spectrometer uses a v- 4531 cavity, operating in the E102 mode, 
so that the sample is located in the cavity centre. Spaces at the top and 
bottom of the cavity permit the insertion of quartzwave for variable 
temperature measurements and slots in the front face allow direct irradiation 
of samples while still in the cavity. 
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The klystron frequency has to be adjusted to the resonant 
frequency of the cavity. This frequency is determined by applying a 
sawtooth signal to the klystron reflector voltage. The resulting 
variation of power entering the fourth arm of the microwave bridge is 
detected by a diode and displayed as an oscilloscope trace in which 
the cavity resonant frequency is indicated by a dip corresponding to 
absorption of power. The sawtooth signal is removed and the klystron 
frequency is centred on to the value giving minimum output power by 
adjusting the D.C. reflector voltage. The klystron frequency is then 
locked to the resonant cavity frequency by an Automatic Frequency Control 
(A.F.C.) system. Basically this involves a low amplitude 10 kHz modula-
tion being applied to the klystron reflector voltage with consequent modula-
tions in frequency and detected output power. The output signal is fed, 
via a lock-in amplifier, to a phase-sensitive-detector, together with a 
reference signal from the 10 kHz oscillator. When the klystron frequency 
is exactly the same as the central cavity resonant frequency a 20 kHz 
modulation of power output is detected, but when the frequency deviates 
from the central value a 10 kHz component is detected and fed to the phase-
sensitive-detector, which then applies a D.C. error voltage of appropriate 
polarity to the klystron to correct the frequency deviation. 
In the off-resonance condition the coupling of the cavity is 
adjusted, by means of a nylon coupling screw, until the imFedance of the 
cavity matches that of the waveguide and no power is reflected back to be ~ 
detected in the • fourth arm of the microwave bridge. In order to bias the 
detector crystal, however, some power is then reflected from the balancing 
arm (2) by adjusting a slide-screw tuner. 
The external D.C. magnetic field is slowly swept by varying the 
current through the magnet coils. A linear sweep of field with respect 
to time and long term magnetic field stability is ensured by the use of a 
Hall effect field sensor attached to one of the magnet pole faces. A 
reference voltage, which is proportional to the required field, is compared 
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to the output Hall voltage,which is proportional to the actual field. 
If the two voltages are not equal an error signal is generated which 
causes the magnet current to be adjusted until the required field is 
reached. 
Absorption of power by the sample as the field sweeps through 
the magnetic resonance condition changes the impedance of the cavity, 
causing power to be reflected back to the magic Tee and a resulting change 
of power to be detected. Since the amount of noise generated at the 
detector crystal is inversely proportional to frequency a high frequency 
modulation of the e.s.r. signal is introduced to increase the signal-to-
noise ratio. A 100 kHz sinusoidal voltage is applied to a pair of 
modulation coils which are built into the walls of the cavity, so that 
the sample experiences both the large D.C. magnetic field together with 
the low amplitude (typically 0.1 to 1 Gauss) 100 kHz modulation field. 
When the D.C. magnetic field is slowly swept through a resonance line a 
100 kHz modulation of the power absorption is also detected, the phase and 
magnitude of which are determined by the slope of the resonance absorption 
line. Hence, by using a lock-in amplifier and phase sensitive detector 
with a reference signal from the 100 kHz oscillator, a D.C. output, which 
approximates to a 1st derivative of the absorption line, is produced and 
displayed by a chart recorder. To give a true derivative the modulation 
amplitude should be significantly less than the linewidth of the absorption 
signal. Increasing the modulation amplitude increases the signal-to-noise 
ratio but may also lead to modulation line broadening. The signal-to-noise 
ratio may also be increased by raising the microwave power level, provided 
that this does not result in power saturation. 
This spectrometer also has facilities for audio frequency modulation 
of the magnetic field, which is usually used in conjunction with a VII 'Jl/-dual 
sample cavity for spin calibration measurements. This cavity operates in 
the E104 mode to give three regions of maximum r.f. magnetic field. The 
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s.ample to be measured is placed in one such region and a standard sample 
of known spin density is placed in another. Each sample is then subjected 
to magnetic field modulations of different frequency, so that e.s.r. signals 
from the two samples may be produced simultaneously but detected and dis-
played separately. This method is especially convenient in situations where 
both samples give rise to resonance signals in the same magnetic field 
region, which would otherwise be superimposed. The audio frequency modula-
tion unit may also be used to obtain a 2nd derivative of an absorption line. 
Samples are introduced to their location for e.s.r. measurements 
via llmm diameter cylindrical spaces at the top and bottom of the cavity. 
For room temperature studies single crystals are placed on a PTFE rod which 
is inserted through the base of the cavity. Angular variation measurements 
in the horizontal plane are performed by rotating the rod, which is attached 
at its base to a pointer moving over a circular scale. Powder samples are 
placed in Jmm bore quartz tubes and are held in place at the cavity centre 
by a collet and a-ring assembly above the cavity. 
5.1.2 Cryogenic Facilities 
Initial low temperature measurements were made with a nitrogen gas 
V557 cryostat in which the gas passed through a 6mm bore quartz cavity insert 
containing the sample. Temperatures above that of the ambient, up to ~ 450K , 
were attained by applying a voltage to a 20 ~ heater located in the path of 
the gas below the cavity. Lower temperatures, down to~ llOK,were achieved 
by first passing the nitrogen gas through a copper heat exchanger immersed 
in a dewar of liquid nitrogen, the sample temperature being controlled by a 
combination of gas flow rate and heater voltage adjustments. The temperature 
was measured with a pre-calibrated resistance thermometer, which was situated 
between the heater and the sample. 
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A significant drawback with this system was that during prolonged 
operation at low temperatures the whole cavity tended to ice-up, since it 
was not thermally insulated from the coolant gas which was exhausted into 
the atmosphere above the cavity. This meant that on reheating the sample 
the ice melted and the resulting water damped the cavity, thus hindering 
the use of temperature cycling techniques. To a certain extent, however, 
the N~ gas cL~o&tat complemented the liquid helium cryostat described below 
in that the former allowed measurements to be made above room temperature. 
Most of the e.s.r. measurements reported in this work were made with 
the aid of a liquid helium continuous flow cryostat, supplied by Oxford 
Instruments, incorporating automatic temperature control between 3 K and 
300K. The cryostat basically consists of a stainless steel capillary tube 
to direct the helium from an arm connected to a transfer tube to another 
arm comprising a quartz dewar assembly which passes through the cavity. 
The whole path of the helium in the cryostat is isolated from the ambient 
and is surrounded by a vacuum jacket. Liquid helium is continuously 
pumped from a storage vessel to the cryostat via a flexible transfer tube, 
which also consists of two concentric stainless steel tubes surrounded by 
a vacuum jacket. The coolant then flows through the capillary in the 
cryostat and emerges just below the cavity to strike a 3mm bore quartz tube 
containing the sample. This sample tube is introduced into the cavity and 
held in place by a gas-tight 0-ring seal at the top of the quartz dewar 
cavity insert. For single crystal studies a gear-operated goniometer is 
used as a top fitting on the quartz insert to give control over the crystal 
orientation in the horizontal plane to± 0.5°. After striking the sample 
tube the coolant is pumped back through the cryostat transfer tube, hence 
helping to keep the incoming liquid cool. The exhaust gas then travels 
via a needle valve and flowmeter to a diaphragm pump and thence to a recove~y 
system. The pressure in the cryostat vacuum space is maintained at 
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-5 ~ 6 x 10 torr by a water-cooled oil vapour diffusion pump, backed by 
a single-stage rotary pump. When operating below ~ 60K the valve connecting 
the vacuum pump to the cryostat is closed, thus allowing the pressure to 
be further reduced by cryo-pumping as the residual gases are condensed. 
Coarse temperature control is achieved by adjusting the helium 
flow rate with needle valves. Fine adjustments and automatic temperature 
control is realised with a heater wound onto a copper heat exchanger which 
surrounds the tip of the capillary tube. The temperature is measured by 
a gold/iron-chrome! thermocouple which is located in the path of the helium 
between the capillary and the sample tube. 
5.1.3 Irradiation Facilities 
A Philips 90 Watt Hg lamp provided a source of ultra-violet 
radiation with, when necessary, a cuso4 solution filter to absorb the 
infra-red component of the lamp's output. A 250 Watt Tungsten Lamp, 
together with a silicon filter, was used as an infra-red source. For the 
irradiation of samples in situ the relevant lamp and filter were arranged 
on a bench with a lens to focus the beam onto the optical \'Iindow of the 
cavity. Figure 5.2 shows the spectrometer in operation during 
u.v. irradiation of the sample at 40K. 
5.2 TECHNIQUES 
5.2.1 Identification 
Having initially detected an e.s.r. signal the next stage is to 
identify the spectrum and the species responsible for it. This involves 
an experimental determination of the spin Hamiltonian parameters which 
describe the spectrum and is achieved by measuring the variation of resonance 
field as the orientation of the crystal with respect to the magnetic field 
is varied at a constant frequency, a technique known as isofrequency 
plotting. It is therefore necessary to measure both the magnetic field 
and the microwave frequency with the greatest possible accuracy. The 
Figure 5.2 Photographs of the E.S.R. spectrometer, taken during 
u.v. irradiation of a sample at 40 K. 
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magnetic field was measured with a Newport Instruments N.M.R. Magnetometer. 
The probe was placed adjacent to the cavity in the magnet gap and the 
frequency of the proton resonance signal was measured with a Malden 
Electronics frequency meter. The microwave frequency was measured with 
a Hewlett Packard X532B frequency meter. Field calibrations using diphenyl-
picryl-hydrazyl (D.P.P.H, g = 2.0036) showed that reproducible g-value 
determinations could be made to within ± 0.0005. 
5.2.2 Absolute Spin Calibration 
Spin concentration measurements were carried out by comparing 
the total integrated intensity of an e.s.r. signal with that of a reference 
signal from a sample of known spin density, e.g. single crystals of freshly 
grown cuso4 .5H2o or polycrystalline D.P.P.H., both of which contain one 
unpaired electron per molecule. The unknown sample and reference sample 
are placed in the two halves of the dual sample cavity and are subjected 
to 100 kHz and 400 Hz magnetic field modulation respectively during recording 
of their spectra. The positions of the two aamples are then interchanged 
and the spectra are re-recorded, thus eliminating the different sensitivities 
and gains of the A.F. and 100 kHz detection systems from the calculation, so 
that the 1st moments of the derivative signals may then be directly compared. 
Under ideal conditions, when the unknown and reference signals have similar 
linewidths and intensities, spin concentration estimates can be accurate to 
within ± 20%. In practice, however, this rarely occurs and most of the 
spin density results reported in this work are only accurate to within a 
factor of two. 
5.2.3 Relative Spin Calibration 
Changes in spin density with respect to their own initial values 
can be measured with much greater accuracy than absolute spin calibrations, 
the experimental error being as low as ± 1% for spectra with a high signal-
to-noise ratio. Provided that the signal linewidth remains constant as 
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the intensity changes, which is generally the case with dilute paramagnetic 
species at a constant temperature, then it is unnecessary to integrate the 
recorded (derivati've) signal. The peak-to-peak amplitude of this signal 
gives an accurate measure of the relative concentration of the defect which 
is responsible for the resonance line, since the intensity of an absorption 
2 
signal approximates to K I H , where K is a constant which depends on the 
lineshape, and I and H are the peak-to-peak amplitude and peak field separation 
respectively of the recorded 1st derivative signal. 
_5.2.4 Detection of Charge Transfer by Isochronal Annealing 
Isochronal ~~nealing is a technique in whic~ relative changes 
in e.s.r. signal amplitudes are measured in order to determine the temperatures 
at which charge transfer reactions, initially caused by incident radiation 
(e.g. the filling of trapping centres with charge) are reversed by thermal 
energy ('ionization' of trapped charge). Basically the technique involves 
initially recording the spectra of interest, both before and after u.v. 
irradiation at a base reference temperature, then heating the sample to an 
anneal temperature for a set time, typically 5-10 minutes, before recooling 
to the reference temperature and re-recording the spectra. This cycle is repeated 
at successively higher anneal temperatures until the spectra have regained 
their pre-irradiation (as-cooled in the dark) intensities. By taking all 
measurements at the same temperature, and hence ensuring that spectrometer 
sensitivity and linewidth are unchanged, a plot of signal amplitude against 
anneal temperature gives a temperature profile of the defect concentration, 
with features corresponding to charge transfer. It is often of value to 
compare the information gained from isochronal annealing with data derived 
from similar techniques such as thermally stimulated conductivity and thermo-
luminescence. 
Further useful information can be gained by measuring the relative 
rates at which charge transfer reactions, whether thermally or optically 
induced, proceed and this can be done by continuously sweeping through the 
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resonance line during and after irradiation at temperatures of interest. 
Great care must be taken when dealing with narrow resonance lines, that the 
rate of magnetic field sweep is not so great that the detection system and 
recorder are unable to fully respond to the signal. A study of the variation 
of charge transfer reaction rates with temperature may then lead to the 
determination of associated trapping parameters • 
5.3 SAMPLE PREPARATION 
All the rutile crystals studied in this work, whether bought in 
or grown by the plasma torch technique described in chapter 2, were initially 
received as cylindrical boules, typically 1-2 em in diameter and between 1 and 
5 em in length. The Verneuil-grown boules were delivered in a re-oxidised 
state and were either colourless or a pale straw colour. Some of the plasma 
grown boules were dark blue, indicating a heavily-reduced state and necessitating 
an oxidising treatment. This was done by placing the boule on a quartz boat 
II inside a metre long 0.5 bore quartz tube which passed through a horizontal 
furnace. Oxygen was then passed along the tube via Edwards 0.5" couplings, 
the flow rate being controlled by a needle valve and monitored with a glycerol 
0 bubbler, and the temperature was raised to 1000 C for 24 hrs by a Eurotherm 
temperature controller with a Pt/Pt Rh thermocouple. The boule was annealed 
by being left in the furnace as it cooled at a rate of ~ 200° perhour. 
In order to produce samples of a suitable size for e.s.r. measure-
ments, the oxidized boules were mounted on a Logitech goniometer with Durafix 
adhesive and aligned by back reflection Laue photography to within ± 0.5° of 
the <001> crystal axis, using a Philips x-ray machine. Fig. 5. 3 shows 
some Laue X-ray photographs taken with the beam parallel to (a) the <001> 
axis and (b) the <100> axis, and demonstrates the overall fourfold symmetry 
along the <001> , in contrast to the twofold symmetry of the <100> and 
<110> type axes. After aligning, the boules were then cut into 2 rom thick 
{a) 
{b) 
Figure 5.3 X-ray back-reflection photographs of . rutile crystals 
(a) <001> axis, (b) ·<100> axis. 
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slices by the diamond wheel of a Meyer and Burger T.S.3 slicing machine. 
The slices were remounted and aligned along the <110> axis to be cut into 
3 8wn cubes for use with the liquid helium cryostat, though larger 
samples were used for room temperatures studies. The cubes had the same 
principal axes as the magnetic axes of the substitutional lattice site 
i.e. <110> , <110> and <001> , in order to allow rotation of the 
sample in the (001) and (110) planes. In most cases the as-cut faces of 
the samples were sufficiently smooth and transparent to permit direct 
optical irradiation of the bulk of the crystal. Samples with a rough surface 
finish were polished with diamond paste. 
5. 4 OOPING TECHNIQUES 
Two approaches were adopted to introduce dopant ions into the 
rutile lattice. The first technique involved the evaporation of a thin 
film of the dopant metal onto a pre-polished (001) face of the rutile sample, 
followed by diffusion at lOOO-llS0°C for 24 hrs in an oxygen atmosphere. Due 
to the open channel structure along the <001> axis of rutile this treatment 
was sufficient to allow most ions to diffuse rapidly and evenly into the 
bulk of the sample. Using this technique, crystals were doped with :- iron, 
by evaporating powder from a Molybdenum boat manganese, evaporated from Mn 
flakes in a helical basket tungsten filament chromium, from Cr-plated 
tungsten filaments ; and aluminium, from pre-coated filaments. The rutile 
crystals were cleaned in concentrated nitric acid both before evaporation 
and again after diffusion to remove any unwanted or surplus metal. 
The other doping technique consisted of sealing the crystal 
together with some of the dopant metal in a quartz tube at a pressure of 
-5 0 10 torr and then heating to ~ 1100 C for 24 hrs, during which some of the 
metal vaporized and diffused into the crystal. Since this treatment also 
led to the chemical reduction of rutile, a 2nd heat treatment in oxygen was 
needed to restore full stoichiometry. This method was used to dope samples 
with nickel, manganese, chromium,copper and cobalt. The Cr-doped crystals 
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were badly cracked, suggesting that the lattice was unable to accommodate 
all the available dopant. Attempts to dope rutile with a rare earth ion, 
terbium, by this technique were apparently unsuccessful, due either to the 
Tb vapour pressure being too low at 1150°C or the Tb ionic radius being too 
great to permit rapid diffusion along the <001> axis. 
In addition to the introduction of extrinsic defects described 
above other heat treatments were employed with the aim of introducing 
intrinsic defects into the lattice. Some samples were reduced by heating 
to 600° C in a vacuum. In other cases, high temperature defects were frozen 
in by quenching crystals from 1000°C instead of allowing them to anneal in 
the cooling furnace. This was achieved by rapidly pulling the whole quartz 
tube,containing the boat and sample, out of the furnace and directing a jet 
of compressed air onto the sample so that its temperature dropped in a few 
seconds to a level at which diffusion was negligible. 
52 
SINGLE CRYSTAL RESULTS 
6.1 INTRODUCTION 
As a precursor to the subsequent study by e.s.r. methods of the 
formation and behaviour of trapping centres in doped rutile, an extensive 
examination was made, using a Varian 9 GHz spectrometer, of the e.s.r. 
characteristics of each specimen. Single crystal boules from several 
sources, i.e. American, Japanese, Swiss and British, were employed as the 
starting materials. Some of these crystals were later used (in the trapping 
centre studies) in their 'as-received' state while others were utilised 
for further doping experiments in order to maximise the concentration of 
specific dopants. A summary of the origin and subsequent preparative 
treatment of each specimen is given in Table 6.1. 
Most of the paramagnetic defects responsible for e.s.r. spectra in 
the 'as-received' crystals studied in this work were identified as extrinsic 
impurities by a comparison of the spectral angular dependence and resulting 
Spin Hamiltonian parameters with those quoted in the literature for various 
dopant ions in the rutile lattice. The latter information has been summarized 
in Chapter 4. Every boule examined contained a comparatively large con-
3+ 
centration of substitutional Fe , which invariably gave rise to the most 
. . Th . f h 3+ d lntense e.s.r. slgnals. e strong anlsotropy o t e Fe spectrum prove 
to be-a valuable aid in aligning crystals in the spectrometer cavity with 
respect to the magnetic field and allowed orientation to + 0.5° within the 
plane of crystal rotation. It was noticeable that the crystals which had 
been grown under carefully controlled conditions by the plasma-torch technique 
contained, generally speaking, fewer paramagnetic impurities than the American, 
Swiss or Japanese boules,all of which were understood to have been grown by 
the Verneuil method. 
Sample Growth Method 
No. and Origin 
1 ' Plasma torch 
2 
I 
3 
. 
4 
5 
(TIL) 
Plasma torch 
(TIL) 
Verneuil 
(National 
Lead) 
Verneuil 
(National 
Lead) 
Verneuil 
(Nakazumi) 
Verneuil 
(Swiss) 
Verneuil 
(Swiss) 
Subsequent 
treatment 
I 
Oxidized -24 
at l000°C in 
I 
l 
Doped with Ni by 
vacuum diffusion 
Comments 
Doped during growth with 
1000 ppm AL, grown in 
oxidized state - B.S.l6. 
Nomina~ly undoped, grown in 
reduced state - B.S.lO 
Doped during growth with 
1000 ppm Al. 
CUt from the same boule as 
sample 3, Mn also introduced 
during doping 
Doped with Al by Contained several low angle 
evaporation grain boundaries 
and 
diffusion 
iReduced in 
0 
·vacuum at 600 C 
Aluminium-doped during growth 
Doped during growth with 
ru 5000 ppm Fe. 
TABLE 6.1: Summary of origin and preparative treatment of E.S.R. 
specimens 
l 
I 
i 
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6.2 CHARACTERISATION DETAILS 
6.2.1 Stoichiometric Al-doped Ti02 (B.S.l6) - Sample l 
3+ The Fe spectrum was the only e.s.r. signal obtained from the 
Al-doped stoichiometric boule (B.S.l6). 
6.2.2 Nominally Pure Tio2 (B.S.lO) - Sample 2 
This crystal, which was prepared from nominally pure starting 
materials, was chemically reduced during growth and subsequently reoxidized 
and gave e.s.r. spectra associated with both iron (as Fe3+) and copper 
(as substitutional cu2+) • 
6.2.3 National Lead (1000 ppm Al) Ti0
2 
- Sample 3 
(a) The boule which was purchased from the National Lead Company, 
. 3+ 
nominally doped with 1000 ppm Aluminium, gave spectra attr1buted to Fe , 
3+ d . . . 1 3+ Cr an 1nterst1t1a Ni , together with a much weaker signal which could 
not be matched to any data in the literature. 
The spectrum of this centre (labelled I) was extremely complex, 
consisting up to 20 absorption lines at some orientations. Isofrequency 
plotting in the (001) (Fig.6.1), and (110) (Fig.6.2) planes, however, showed 
that several of the absorptions formed groups of four approximately equally-
spaced lines, indicative of a hyperfine interaction with a nearby ion of 
nuclear spin I = 3/2. The spectrum is further complicated by the fact that 
(a) at several orientations each individual transition is further split into 
two closely-spaced lines, and (b) with the magnetic field parallel to the 
< 001 > axis the spectrum does not resolve into the four hyperfine lines of 
a single transition, as would be expected from theory. This suggests that 
either there are two slightly different impurity centres or, more likely, 
that the crystal was not initially aligned accurately enough, so that the 
isofrequency plots were not in fact quite in the (001) and (110) planes. 
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If the isofrequency diagrams are simplified by plotting the centre-
of-gravity of each group of four hyperfine lines, it becomes clear that this 
centre does not have the simple symmetry of either the subst.i_ t.utional or 
octahedral interstitial sites. The principal magnetic axes of centre I 
appear to be (l) + 50° from the 001 axis in the (110) plane, 
( 2) 0 -40 from the 001 axis in the (110) plane, and (3) the 110 
axis, with corresponding Spin Hamiltonian parameters of . 
gl "u 2.372, g2"u 2.065, g3 "u 2.069 
3.6 X 10 -2 -1 4 -3 -1 Al "u em 
' 
A "u X 10 em A3 "u 0 2 
The g-values being greater than that of the free electron (2.0023) 
suggest that I is a hole centre. Reference to the crystal structure 
(see Fig.4.2) shows that the magnetic axes of centre I are similar to the 
2-bond directions of 0 ions. A tentative model for this centre is of a 
hole trapped at an oxygen ion, e.g. at (x,x,O), stabilised by an impurity_ 
ion with a nuclear spin of I = 3/2 on an adjacent titanium site, e.g. at 
(~, ~. ~). 
(b) A sample (4) from this National Lead boule was doped with 
nickel using a vacuum encapsulation technique. Analysis of the resulting 
e.s.r. spectra showed that there was only a moderate increase in the inter-
. . 1 . 3+ t t. b h h . . . . 2+ st1t1a N1 concen ra 10n ut t at t e 1nterst1t1al N1 spectrum had now 
appeared, indicating that most of the additional nickel was entering the 
lattice in a divalent state. Furthermore, the distinctive spectra of both 
3+ d 4+ Mn an Mn appeared, following nickel doping. The manganese may have 
originated as an impurity in the nickel which was used for doping. The 
identification of several other weak resonance lines in this sample was not 
4+ 
possible since they were superimposed with the many Mn non-allowed hyper-
fine transitions, though it is probable that some, if not all, of these 
extra lines belong to centre I. Because the nickel-doped crystal contained 
such a large number of different impurities, this specimen (4) was the most 
extensively studied in the subsequent trapping centre measurements. 
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6.2.4 Japanese, Tio2 - Sample 5 
A crystal from the Japanese (Nakazumi) boule was doped with 
aluminium by the evaporation and diffusion technique and exhibited inter-
't' l · 3+ , ub t't t' l 3+ t t th 'th 'd st1 1a Nl ana s s 1 u 1ona Fe e.s.r. spec ra, oge er w1 ev1 ence 
of low-angle grain boundaries; the latter feature rendered this crystal less 
suitable for detailed examination than some of the others, since some of 
the e.s.r. lines in an already complex spectrum were doubled. 
6.2.5 Swiss, Tio2 
Of the two Swiss single crystal boules~ one (samplf:' f)) was nominally 
3+ pure and only produced an Fe e.s.r. spectrum. The other (sample 7) was 
doped during growth with 5000 ppm iron and was consequently a deep red 
colour. The e.s.r. spectra of the Fe-doped boule were very complex, thcugh 
isofrequency plotting enabled the most intense lines to be assigned to 
3+ . l ( 7 substitutional Fe and an adjacent interst1tia proton c.f. Anderson 19 3), 
while other lines had a similar angular dependence to some which Anderson 
tentatively assigned to a Fe3+ - interstitial Ti4+ complex. The effect of 
0 -5 
reducing this crystal by heating to 600 C at a pressure of 10 torr for 
3+ 3+ + 
two hours was to reduce slightly the Fe and Fe -H concentrations 
3+ 2+ (presumably by converting some Fe to Fe ) , but to decrease greatly the 
intensities of the other spectra. Re-oxidation had little effect on the 
3+ 3+ + intensity of the main Fe spectrum but caused a decrease of the Fe -H 
3+ · 4 + . d l h . and Fe -Tl concentrat1on an a so t e appearance of a spectrum attr1buted 
3+ 
to the association of a substitutional Fe ion and a nearest neighbour oxygen 
vacancy. 
The impurities present in each crystal examined, as detected by e.s.r. 
measurements, are presented in Table 6.2 together with their approximate 
concentrations, derived from spin calibrations with D.P.P.H. 
Sample No. Impurity Ion Concentration 
1 
2 
3 
4 
5 
6 
7 
TABLE 6. 2 
(p.p.m) 
3+ 
Fe -
3+ 
Fe '\, 7 
2+ 
Cu -
3+ 
Fe '\, 20 
3+ 1 cr '\, 
.3+ 3 N1 '\, 
3+ Fe '\, 40 
3+ Cr '\, 4 
.3+ 6 N1 '\, 
4+ 
Mn 'V 2 
3+ Fe -
.3+ N1 -
3+ 4 Fe 'V 
3+ 
Fe 'V 7000 
Summary of the identity and concentrations (as estimated 
from spin calibrations with D.P.P.H) of impurities giving 
e.s.r. spectra in rutile single crystal specimens. 
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6.3 OPTICALLY INDUCED E.S.R. SPECTRA IN DOPED RUTILE 
Initial studies of the effects of low temperature optical irradiation 
were made with sample 4, from the Al-doped National Lead boule, which showed 
3+ 3+ 3+ 4+ .2+ .3+ 
spectra from Fe , Cr , Mn , Mn , N1 and N1 • Of these, the resonances 
l 3+ 3+ 4+ d .3+ 
of Fe , Cr , Mn an N1 were all observable at room temperature, but the 
3+ . 2+ presence of Mn and N1 could only be detected at temperatures below about 
100 K due to their shorter spin-lattice relaxation times. 
6.3.1 Effect of u.v. Irradiation at Low Temperatures 
The specimen was cooled to 40 K in the dark and resonance lines from 
each of the six impurity spectra were recorded- ThP. specimen was then sub-
jected to ultra-violet irradiation for ten minutes, after which the spectra 
were re-recorded. The irradiation caused no significant change in spectra-
meter sensitivity. However, marked changes were observed in the e.s.r. 
spectra, as illustrated by Figure 6.3. The intensities of all the spectra 
3+ 3+ 3+ 2+ 
were changed ; with those of Fe , Cr , Mn and Ni lines being decreased 
while, in contrast, the Ni3+ and Mn4+ intensities increased by about 100% and 
40% respectively. This suggested that light-induced reactions of the type, 
. 2+ N1 
3+ Mn 
.3+ N1 + e (6 .1) 
4+ Mn +e (6. 2) 
. d 3+ 2+ had occurred, which may be 1nterprete as Mn and Ni each releasing an 
electron or trapping a hole to become activated recombination centres. The 
3+ 3+ photoelectronic roles of Fe and Cr could not, however, be determined at 
this stage since neither the divalent nor tetravalent states of these ions 
can be detected by e.s.r. The 'light-generated' substitutional Ni 3+ 
spectrum, reported by Gerritsen (1962) was not seen in this sample, though 
it was later found in other crystals which were not deliberately doped with 
nickel. 
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U.V. IRRADIATION AT 'OK.(H#<110~ V:9·129 GHz.); Ni/Ti~(Nl). 
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In addition to the intensity changes outlined above, several new 
resonance lines appeared following u.v. irradiation at 40 K. Figure 6.3, 
which shows the spectra for 0-5000 G sweeps of the magnetic field with the 
field parallel to the < 110> crystal axis, both before and after irradiation, 
gives a qualitative indication of the intensity changes involved though the 
sweep time (10 minutes) was too short to allow the detection system to respond 
fully to some of the narrow lines. Most of the new lines are in the 
magnetic field region corresponding to g ~ 1.9, with the significant exception 
of line A at "J J4oo G. 
The post-irradiation intensities of all the lines remained unchanged 
for more than an hour, suggesting that the metastable light-induced states 
were thermally disconnected from the transport bands at 40 K. The effect of 
irradiating at lower temperatures was to produce similar changes in the impurity 
spectra, but the intensity of some of the light-induced spectra were reduced 
by power saturation when approaching liquid helium temperatures. Similar 
behaviour was reported with the e.s.r. spectra of y-irradiated rutile 
(Purcell,l97l) • Variation of the microwave power level showed that saturation 
did not occur at 40 K and so this temperature was chosen as a reference in 
much of the subsequent work. The insertion during irradiation of a Chance OXlA 
filter, which is a band pass filter, centred on 3650 ~, had the effect of partially 
reducing the magnitude of the light induced intensity changes, suggesting that 
radiation of less than band gap energy may also be used to fill trapping centres 
by the direct excitation of charge from impurity centres deep in the forbidden 
energy gap. 
In order to find the temperatures at which these optically-stimulated 
reactions could be thermally reversed and with the aim of producing some 
correlation with T.S.C. and T.L. data, the technique of isochronal annealing 
was employed, using a base temperature of 40 K. Fig. 6.4 demonstrates the 
(a) ! I I ~ J 1 ~ 
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FIG6~4SPECTRA RECORDED AFTER (a) U.V. IRRADIATION AT 
40 K (b) SUBSEQUENT HEATING TO 90K FOR 10 MINUTES, (c) 
HEATING TO lOOK FOR 10 MINUTES; ALL SPECTRA RECORDED 
AT kOK, V = 9·i29 GHz, H//(110 ); Ni/Ti02(Nll 
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effect of isochronal annealing on the e.s.r. spectra induced by u.v. 
irradiation at 40K. FOllowing irradiation there are at least thirteen lines, 
Fig. 6.4(a). After heating to 90K and cooling back to 40K, some of the 
defects have been annealed out by being thermally reconnected with the 
relevant transport band and hence several of the e.s.r. lines have dis-
appeared (Fig.6.4(b) ) • More lines are removed by annealing at lOOK 
(Fig.6.4 (c) ) • The results of this isochronal annealing at lOK intervals, 
between 40 and lOOK,are summarized in Figure 6.5. From the temperature 
dependence of the amplitudes of the various lines there appear to be at 
least four different light-generated centres, three of which have thermal 
ionization tempeatures of ~ 55K, ~ 75K and ~ 95K respectively. A fourth 
centre, corresponding to lines 6 & 8, and labelled centre B, was thermally 
emptied after heating to 120K. The amplitude-temperature profiles in Fig.6.5 
are interpreted as representing the initial capture of charge by shallow 
trapping centres during band-gap irradiation and the subsequent release of 
the charge when sufficient thermal energy is available. The apparent increase 
in the concentration of the deeper centres as the shallow traps are emptied, 
representing retrapping, suggests that the centres all trap charge of the 
same sign, and also indicates that the traps are not initially saturated by 
the irradiation. 
Isochronal annealing of manganese and nickel spectra produced ampli-
tude-temperature profiles with less well-defined features (Fig.6.6). The 
u.v.-induced charge transfers of equation 6.1 and equation 6.2 appear to be 
reversed after heating to ~ lOOK. The coihcidence of this with the tempera-
tures at which the light-induced traps are thermally emptied suggests that 
the latter may correspond to electron traps and that when the trapped 
4+ ,3+ mb' 
electrons are freed some recombine at the activated Mn and N~ reco ~na-
tion centres. An apparent slight increase in the concentration of these re-
combination centres with subsequent isochronal annealing to 200K is tentatively 
attributed to the thermal release and retrapping of holes from shallow traps 
, , f unknown identity. 
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A comparison (Fig.6.7) of the isochronal annealing curves of Fe3+ 
and centre 'A' e.s.r. spectra reveals apparently complementary features in 
the concentration-temperature profiles, both of which may be interpreted in 
the same way. In each case there are two distinct regions of population 
3+ 
changes, at ~ l20K and~ 2lOK for Fe and at ~l20K and~ l95K for centre 
'A'. Since in each case the concentration change at l20K produces a partial 
restoration towards pre-irradiation levels, this process cannot correspond to 
electrons freed from 'B' centres being recaptured at deeper electron traps, 
but a consistent model would designate 'A' as a recombination centre and 
3+ Fe as an empty hole trap or unactivated recombination centre which may be 
4+ 
converted to Fe upon u.v. excitation, with both centres being at energy 
levels in the lower half of the bandgap. The high temperature .features of 
4+ Fig.6.7 suggest either that 'A' and Fe are thermally reconnected with the 
valence band at l95K and 2lOK respectively, or that electrons from deeper 
traps are recombining via these centres, which is less likely since the two 
events appear to occur at different temperatures. Furthermore, the distinct 
kinks in both profiles at ~ l50K support the idea of the existence of a shallow 
hole trap which is thermally emptied at this temperature, the charge being 
4+ 
retrapped to form more Fe and 'A' centres. Thus the presence of defect 
centres not exhibiting e.s.r. spectra themselves may be inferred from their 
interaction and effect on the e.s.r. spectra of other centres. 
The effect of isochronal annealing on cr3+ spectral intensity suggested 
3+ 3+ . 4+ that, like Fe , some Cr 1ons are converted to Cr by u.v. irradiation at 
40K as compensation for the many shallow electron traps. With cr3+, however, 
the full pre-irradiation concentration is restored by annealing at ~ lOOK 
with no further intensity changes occurring between 100 and 300K. 
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6.4 ISOFREQUENCY ANALYSIS OF U.V.-GENERATED SPECTRA 
With the aim of identifying the centres created by u.v. irradiation 
at 40K, isofrequency diagrams of the angular dependence of their e.s.r. 
spectra in the (001) and (110) planes were constructed to aid the determina-
tion of Spin Hamiltonian parameters and site symmetries. 
The isolation of the 'A' centre lines from those of the other centres 
was relatively straightforward and the isofrequency diagram is given in 
Fig.6.8. This shows that the 'A' centre has the symmetry of a substitutional 
site. Only one transition was observed and the spectra may be described 
by :-
3.36, 4.59, 1.94. 
These g-values are fairly similar to those reported by Young (1960) 
to describe a spectrum produced by y-irradiation of rutile at 77K. 
Isofrequency diagrams of the other light-induced spectra in the (001) 
and (110) planes are presented in Figs. 6.9 and 6.10 respectively. Many 
transitions from different spectra occur in the same magnetic field region 
and so, as an aid to the isolation of spectra belonging to different centres, 
a thermal cleaning technique was used. This involved thermally emptying the 
shallower traps at lOOK after irradiation at 40K to allow isofrequency 
plotting of spectra from the deepest centre, followed by re-irradiation and 
subsequent thermal cleaning at successively lower temperatures, so that the 
spectra from the shallow centres were gradually introduced and the I.F. 
diagrams became more complex. 
The deepest trap, centre 'B', appears to correspond to another species 
reported by Young et al (1960) in y-irradiated rutile. The spectrum also 
has substitutional symmetry, except for an unexpected splitting with the 
magnetic field parallel to the <001> axis, at which orientation the theory 
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predicts that all lines should coincide. The spectrum can be described by 
gOOl = 1.793, gllO = 1.922 and gllO = 1.896. These parameters are also very 
similar to those reported by Chester (1964) for an e.s.r. spectrum in a 
heavily aluminium-doped, vacuum-reduced rutile crystal. In addition to the 
doublet splitting with the field along the c-axis, Chester also observed 
ak f . 1' . b .47 d .49 . some we hyper lne sp lttlng y Tl an Tl lSotopes at some orientations 
which suggested a tentative interpretation of the centre as Ti 3+. No Ti 
hyperfine lines were found in this work. 
Centre c, which is thermally emptied at ~ 95 K, appears to have two 
transitions, as would be expected for an S = 1 centre, and the spectrum can 
be fitted to a Spin Hamiltonian of the form 
g 8 H S + D [sz2 - ~ s (s + 1~ 
The Spin Hamiltonian parameters for centre C are 
+ E(S 2 
X 
1.788, gllO 1.953, 
D 0.701 GHz, E 0.072 GHz. 
This centre has substitutional symmetry, with a small c-axis splitting 
of one of the transitions, similar to that found in centre B. 
Centre D is thermally emptied at ~ 75K, but its spectrum has a very 
similar angular dependence to that of centre c, with the lines coinciding at 
several orientations. The Spin Hamiltonian parameters are : 
1.785, g 110 = 1.839, 1.956, 
D 0.712 GHz, E 0.078 GHz. 
Centre 'E' also thermally ionizes at ~ 75K, has substitution symmetry 
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and only one transition, described by the following parameters 
1.778, gllO 1.915. 
The remaining spectra were more difficult to separate, consisting 
of many closely-spaced lines and corresponding to at least two more centres. 
One, centre G, empties after isochronal annealing at ~ 75K and another, 
centre H, by annealing at ~ 55 K. Both of these shallow centres appear to 
have the symmetry of perturbed substitutional sites, with magnetic axes 
approximately parallel to the <100> <010> and <001> crystal axes. 
Centre G has corresponding g-values of 
1.811, 1.919, 1.956 
Centre H has a spectrum described by . 
1.822, 1.92, 1.955 
These parameters are very similar to those of a spectrum observed by 
Kerssen (1973} in vacuum reduced, Al-doped rutile, which was interpreted 
as a Ti 3+- A£ 3+- A£ 3 + complex. 
For convenience of reference it is helpful to summarise the symbolism 
used to refer to the individual trapping centres and the e.s.r. lines to 
which they give rise. 
The relation between the line numbers in Figs. 6.4 and 6.5 and the 
centres to which the lines belong is given below :-
Centre Lines 
B 6,8 
c 2,9,11,12 
D 1,9,11,13 
E 7,10 
G,H 3,4,5 
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6. 5 DYNAMIC E. S.R. MEASUREMENTS 
One advantage of using the electron spin resonance technique to 
study low-temperature photo-stimulated charge transfers is that, providing 
the irradiation does not affect spectrometer sensitivity, for example by 
causing excessive photoconductivity, it is possible to measure changes in the 
concentrations of the paramagnetic defects involved, both during and after 
irradiation, by repeatedly sweeping through the resonance lines at regular 
intervals. This can then lead to a determination of relative reaction rates 
and their variation with temperature. 
Fig. 6.11 shows the simultaneous growth of signal amplitude with time 
of irradiation of resonance lines from centres B,C,D & E, and Fig.6.12 provides 
a plot of tn(I - I )against time, where It is the peak-to-peak amplitude at 
co t 
time t and I
00 
is the amplitude when an equilibrium condition has been reached 
where no further change takes place. This shows that .the filling of the 
trapping centres follows an exponential growth which can be characterized by 
time constants, T. The relative magnitude of these time constants provide 
an indication of the relative capture cross-sections of the centres in 
competing for the excess charge in the conduction bands. From Fig.6.12 it 
may be concluded that centre B has the highest capture cross-section (shortestT} 
of those measured and that C & D have the smallest. That there is no further 
change of amplitude, and hence of defect concentrations, after irradiation, 
suggests that the electrons in the traps are effectively isolated from each 
other and from the conduction band at this temperature ( ~ 40 K) • This may be 
contrasted with the behaviour shown in Fig.6.13 which presents the growth of 
'A' centre concentration during and after u.v. irradiation. During 
irradiation there is an exponential growth, which can be characterised 
(Fig.6~4) by a time constant, T, of~ 3-5 min. and which reaches an equili-
brium state after ~ 12 minutes. On closing the shutter on the cavity optical 
window, however, the signal amplitude undergoes a further exponential growth 
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with a time constant of ~ 1 minute. A similar behaviour was observed with 
3+ 
the decay of the Fe spectra following irradiation at 40 K where an ex-
ponential decay of amplitude during irradiation was followed by a faster 
decay when the shutter was closed. This post-irradiation effect on the con-
centrations of defects which have already been designated as hole traps 
suggests the existence of another, relatively shallow, hole-trapping defect 
which is, however, still in thermal equilibrium with the valence band at 40K. 
Thus, during irradiation these traps are at least partially filled with holes, 
but when the irradiating source is removed, the traps rapidly empty and the 
3+ holes are retrapped at Fe and 'A' centres. Further evidence to support 
this interpretation is provided by the lack of any corresponding post-
irradiation changes in the concentrations of filled electron traps, centres 
B-H. 
6.6 THE EFFECT OF VARYING IRRADIATION TEMPERATURE 
With spectra which do not broaden appreciably as the temperature is 
raised it is possible to use the effect of irradiating at varying tempera-
tures,as an alternative method to isochronal annealing, in the investigation 
of the thermally stimulated charge-transfers. A series of isothermal measure-
ments at temperatures of interest can then yield further information which 
may lead to estimations of trapping parameters such as ionization energies. 
Fig.6.15 summarizes a series of isothermal measurements of the variation 
3+ 
of Fe spectral amplitude, during and after u.v. irradiation at a range of 
temperatures between 60 and 230 K. Between each set of measurements the sample 
was heated to 250 K for 10 minutes in order to empty the traps and to provide 
a standard pre-irradiation equilibrium condition. For ease of comparison, the 
signal amplitudes in Fig.6.15 are normalized with respect to their pre-
irradiation values. The main conclusions to be drawn from this experiment 
are broadly in agreement with those from isochronal annealing data, that there 
are two temperatures, ~ 120 and 200 K, at which thermally-stimulated charge 
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3+ 
transfers take place to affect Fe concentrations. At temperatures above 
4+ ~ 200 K the Fe energy level is in good thermal contact with the valence 
band, i.e. Maxwell-Boltzmann statistics dictate that any electron excited by 
optical energy from a Fe 3+ ion to the conduction band can be rapidly replaced 
by another electron from the valence band. Hence, at 230 K only about 6% of 
3+ . 4+ the F.e ~ons are converted to Fe by u. v. irradiation and the reaction is 
quickly reversed when irradiation ceases. Between 130 K and 190 K, however, 
the degree of optically-induced concentration change remains fairly constant, 
though the rate of the recovery reaction decreases as the temperature is lowered 
because the probability of charge having sufficient energy to escape is reduced. 
3+ Irradiating at 110 K ~auses a significantly larger fall in Fe concentration 
4+ 
and this is interpreted as a greater number of Fe centres, i.e. holes trapped 
3+ 
at Fe , being required to compensate for the electrons being trapped at B 
centres (e traps) at temperatures below about 120 K. Similarly, at 60 K many 
of the other shallow centres are capable of trapping electrons and so a 
d . 1 1 umb f 4+ . . d d f . correspon ~ng y arger n er o Fe ~ons ~s nee e or compensat~on. 
Fig. 6.16 shows the approximate temperature profiles corresponding to the 
f f .3+ 3+ 3+ effect on the signal amplitudes o our N~ , two Cr , and four Fe lines 
of u.v. irradiation at temperatures between 60 K and 230 K. 3+ The Cr con-
centration appears to be unaffeeted by irradiation at temperatures above 
about 120 K. At lower temperatures the intensity decrease profile is similar 
t h f 3+ h' h h 3+ . . h 1 t o t at o Fe , w ~c suggests t at Cr ~ons are trapp~ng o es o compensate 
for shallow electron traps. This is in agreement with isochronal annealing 
data. Similarly, it appears that below 120 K the large increase in Ni 3+ con-
t . . d h 1 f 1 b · 2+ . h' h h b h centra ~on ~s ue to t e oss o e ectrons y N~ ~ons, w ~c t en e ave 
as hole traps or recombination centres. The behaviour at higher temperatures, 
however, suggests that here Ni may be acting as an electron trap, since 
irradiation at temperatures between 130-230 K causes a decrease in Ni 3+ con-
centration, presumably due to some ions being converted to Ni 2+ by trapping 
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2+ 
electrons, though this cannot be verified, as the Ni resonance spectrum 
broadens rapidly at temperatures above 100 K. If this interpretation is 
correct then either electrons trapped at the Ni ions are thermally freed, 
or holes released from other centres are retrapped, at ~ 240 K, since the 
same decrease of Ni 3+ concentration was observed with irradiation at each 
temperature between 130 and 230 K even though the temperature was cycled up 
to 250 K between each set of measurements to provide a standard pre-irradiation 
condition. 
6.7 ESTIMATION OF ACTIVATION ENERGIES FROM ISOTHERMAL RECOVERY RATES 
When the optical filling of traps takes place at temperatures where 
the trapped charge is in good thermal contact with the relevant transport 
band, measurement of the variation of post-irradiation thermally activated 
ionization rates with temperature can lead to the determination of trap depths 
using the simple theory outlined below. 
This theory assumes a model of a single set of trapping levels in 
the forbidden energy gap, separated from the conduction band by an energy E, 
together with a single set of recombination centres near the centre of the 
band gap. If all the ~raps are initially filled by the incidence of band gap 
radiation then, at a given temperature, the probability, P, of a trapped 
electron being released into the conduction band is given by :-
p ( 6. 4) 
where k is Boltzmann's constant, T, is the temperature and v is the attempt-
to-escape frequency, which is the product of the electron velocity, the density 
of states in the conduction band and the electron capture cross-section in the 
conduction band. If v is assumed to be independent of temperature, which is 
reasonable over small temperature rangea, then a plot of ~n P vs. 1/T will 
-E 
give a line of gradient /k and hence a value of the trap depth, E. 
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Assuming that first order, monomolecular kinetics prevail, i.e. neglecting 
retrapping by assuming that the capture-cross-section of the recombination 
centre is much greater than that of trapping centre, then the number, n , 
t 
of trapped carriers at time t can be described by : 
n 
0 
(-pt) 
exp 
where n is the number of filled traps when t = 0. Hence a plot of 
0 
ln nt vs. t will yield a straight line of slope~p. 
(6.5) 
Providing microwave power saturation does not occur, the peak-to-
peak amplitude of an electron spin resonance signal is a parameter which is 
directly proportional to defect concentration and therefore a series of iso-
thermal measurements of amplitude, I, should also lead, via a plot of 
tn I vs. t (or tn(I
00 
-It) vs. t when measuring the relative concentration 
of empty traps as with Fe3+) to a value of trap-emptying probability, P. 
Furthermore, the variation of P with temperature can be measured and hence, 
using eqn. 6.4 the trap depth may be determined. 
Obviously, some of the assumptions adopted in this model constitute 
gross over-simplifications of the real situation. First, it has already 
been shown that there are a wide variety of defects in rutile which occupy 
different energy levels in the band gap. Moreover, the assumption of mono-
molecular-kinetics is probably unjustified in rutile, where it appears that 
the kinetics are intermediate between the two extremes of fast-retrapping 
and no-retrapping. If this is so, however, estimates of trap depth may still 
be made, by studying the initial sections of thermal recovery curves, since 
in these regions the number of centres available to retrap charge is comparat-
ively small and hence the reaction is essentially monomolecular. 
3+ Isothermal recovery curves of Fe spectra following u.v. irradiation 
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in the temperature range of 180-200 K are presented in Fig.6.17 and 
corresponding plots of 2n(I00 - It)vs. time, where It and I 00 are the peak-to-
peak amplitudes at time t and when equilibrium is reached respectively, are 
shown in Fig.6.18. The apparently large fluctuations in some of the points 
is due to the fact that only relatively small changes in signal amplitude were 
being measured in this case. Nevertheless, it is still possible to fit the 
points of Fig.6.18 to straight lines with confidence,indicating an exponential 
decay of trap density and enabling the calculation of nominal values of escape 
probabilities, P, at the various temperatures. Fig.6.19 is a plot of 
2n P vs. l/T which gives an activation energy, E, of ~ 0.52 ev. 
Unfortunately, it was not possible to perform this type of experiment 
on all of the spectra which undergo reversible intensity changes with irradiation, 
since some of them, e.g. spectra A, B and E, broaden at temperatures below those 
sufficient to allow thermal activation of the trapped charge, and others, e.g. 
C 3+ r ' C and D experienced relative intensity changes which were too small to 
yield quantitative results. 
The technique was used, however, to investigate the thermal emptying of 
centre H, one of the shallow electron traps. The isothermal decay curves 
following u.v. irradiation at temperatures between 40 and 49 K are shown in 
Fig.6.20 and corresponding plots of tn I vs. time, which appear to show initial 
monomolecular decay, followed by a slower bimolecular decay as retrapping beings 
to dominate, are presented in Fig. 6.21. A plot of £n P vs. 1 /T (Fig. 6.22) 
shows that this trap is situated at an energy level about 0.12 eV below the 
conduction bando 
Isothermal decay measurements on signal 'G' only gave useful results at 
two temperatures (shown in Fig.6.23), from which the variation of escape 
probability with temperature, as indicated in Fig. 6.24, suggests that this 
centre also has a trap depth of ~ 0.12 ev. 
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Although no direct measurement of the isothermal decay of 'B' centres 
could be made, it was still possible to detect the thermal release of electrons 
from these traps into the conduction band, by monitoring their subsequent 
mb . .3+ . reco ~nation at N~ s~tes. Hence Fig. 6.25 illustrates the change of re-
mb . . h b h . h d ' f . 3+ 1 . d ft co 1.nation rate w~t temperature y s ow~ng t e ecay o N1. amp 1.tu e a er 
u.v.irradiation at temperatures between 100 and 110 K. The initial isothermal 
reaction rates may be directly related to attempt-to-escape probabilities of 
electrons trapped at 'B' centres (Fig. 6.26), assuming that charge from other 
traps is not being released in significant amounts in this temperature range. 
Variation of probability, P, with temperature leads (Fig. 6.27)to a trap depth 
of ~ 0.22 ev for B centres. 
A similar approach was used to estimate the activation energy of the 
shallow hole traps, whose presence was deduced from the post irradiation 
increase of signal A (Fig. 6.13), at low temperatures, by measuring variations 
in the rate of this increase with temperature, Fig. 6.28, representing the 
change in rates at which holes were released following initial capture during 
irradiation. The corresponding escape probabilities of the shallow trap are 
derived from Fig. 6.29 and their variation with temperature (Fig. 6.30) places 
the hole trap ~ 0.075 eV above the valence band. 
Many of the thermally induced intensity changes examined by the iso-
thermal decay technique appear to occur at slightly lower temperatures than 
those initially suggested by isochronal annealing measurements. This may be 
due to the fact that the crystal was cut after the isochronal annealing experi-
ments in order to allow isofrequency measurements to be made in both the (001) 
and (110) planes, so that the sample subsequently used in isothermal decay 
measurements had a smaller thermal mass. It is therefore thought that the 
lower thermal recovery temperatures indicated by the isothermal decay technique 
are the more reliable. 
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6.8 INFRA-RED IONIZATION 
An alternative to the thermal release of trapped charge by isochronal 
annealing, is to use direct optical ionization by incident radiation of energy 
equal to or greater than the t.rap depth, which, for most_ of the traps 
considered so far, means the infra-red region of the spectrum. This section 
summarizes a preliminary investigation into the effect of I.R. radiation on 
the spectra previously formed by u.v. irradiation. 
Initially the effect of the infra-red component of the Hg lamp output 
was studied by placing a Cu SO solution filter, which absorbs infra-red 
4 
radiation, between the lamp and the sample during irradiation. Fig. 6.31 
depicts the variation of amplitude of signal 'A', during and after irradiation, 
with and without the filter. The signal amplitude, and hence the number of 
filled traps (A centres) is clearly greater when the infra-red component is 
removed from the incident radiation, suggesting that without the filter an 
equilibrium condition is reached in which u.v. trap-filling is opposed by I.R. 
trap-emptying which therefore limits the total amount of trapped charge. The 
effect of inserting the I.R. filter during irradiation on the other u.v. 
induced spectra (B-H) however, was much smaller, with the removal of the I.R. 
component causing increases in intensity of only ~ 5% for most spectra and 
having no detectable effect at all on the amplitude of signal B. Such variations 
are thought to reflect differences in the photon capture cross-sections of the 
trapping centres. 
In order to study infra-red ionization of trapped charge after u.v. 
irradiation at 40 K, a 250 Watt Tungsten lamp, together with a Si filter which 
absorbed radiation of energy greater than 1.1 ev, was used as an infra-red 
source. The decay of the intensities of e.s.r. spectra with time of I.R.ir-
radiation is shown in Fig. 6.32. Fig 6.33 shows that these decays have two 
exponential components, probably correspondng to initial monomolecular and 
subsequent bimolecular kinetics. The bimolecular decay time constants of the 
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shallow electron traps, centres C-H, are fairly similar, ranging from 5 to 
12 minutes, but that of the deeper electron trap, centre B (line 8) is 
significantly longer and centre A has a time const~~t ~ 2 orders of magnitude 
lower. The relative magnitudes of these decay time constants may be related 
to the relative magnitudes of the photon capture cross-sections of the traps. 
Thus centre 'A' has the highest capture cross-section and centre 'B' has the 
lowest, in agreement with the initial measurements with the I.R. filter. 
In addition to the above effects, 25 minutes of infra-red irradiation 
completely restored the Fe 3+ concentration to the pre-u.v. irradiation level, 
<+ ?+ Ll+ <+ but Ni-·, Ni-·, Mn .. and Mn~· concentrations were intermediate between pre-
and post-u.v. values. 4+ This suggests that Fe and 'A' centres are shallow 
enough hole traps to be optically ionized by radiation of energy less than 
1.1 eV, but that the Ni and Mn recombination centres are situated nearer the 
centre of the band gap. 
6.9 AS-RECEIVED N.L. Ti0
2 
The results reported in sections 6.3 to 6.8 were all carried out with 
the Ni-doped National Lead crystal, sample 4 . This section presents further 
results from an undoped sample cut from the same boule. E.s.r. spectra 
3+ 3+ . 3+ 
representing Fe , Cr and Nl , together with the much weaker spectrum I, 
were recorded in the'as-received' National Lead crystal, which was also 
nominally doped with 1000 p.p.m. of Aluminium. 
In order to carry out comparable measurements to those performed with 
the Ni and Mn-doped crystal, described in Sections 6.3 to 6.7, the sample was 
cooled to 40 K and subjected to u.v. irradiation from a Hg lamp. In this case, 
however, irradiation had the effect of completely damping the microwave cavity, 
presumably by causing excessive photoconductivity in the rutile crystal, so 
that no quantitative measurements of u.v. induced changes in spectral intensity 
were possible at this temperature. Moreover, the cavity damping persisted even 
after irradiation had ceased and the original cavity Q could only be restored 
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by heating the sample to about 70 K. Raising the temperature of irradiation 
above 40 K had the effect of causing a decrease in the degree of damping 
and a corresponding decrease in the time needed for the cavity to recover its 
initial Q after irradiation, until at 120 K there was negligible damping 
induced by irradiation. 
Due to this damping problem, the lowest temperature at which isochronal 
annealing measurements could be made was 80 K, so that some of shallow traps 
found in the Ni-Tio2 (N.L.) crystal, if present in this sample, could not be 
detected by this technique. After cooling to 80 K in the dark and recording 
the f'e 3+ and Ni3+ spectra, the sample was subjected to 10 minutes u.v. 
irradiation. Time was then allowed for the initial cavity Q to be restored 
and the spectra were re-recorded. It was found that Fe3+ concentration was 
reduced to 15 f h 1 1 · 3+ i . db 35 ~ % o t e pre-u.v. eve , N1 concentrat on 1ncrease y ~ % 
and two new spectra appeared. One was easily identified as corresponding to 
the 'A' centre, previously found in the Ni-doped N.L. crystal. The other 
spectrum, labelled 'X', had substitutional symmetry and was described by the 
following parameters : g001 = 1.9355, g110 = 1.9137 and gllO = 1.9653. An 
isofrequency plot of this spectrum in the (110) plane is given in Fig. 6.34. 
No other new spectra of significant intensity were observed. 
Isochronal annealing measurements between 80 and 265 K were performed 
. h 1' f th 3+ · 3+ d d h lt . d w1t 1nes rom e Fe , N1 , A an X spectra an t e resu s are summar1ze 
in Fig. 6.35. 3+ The Fe and 'A' centre profiles are broadly in agreement with 
those in the Ni-Tio2 (N.L.) crystal, though the features are less sharp in this 
case. The Fe 3+ concentration is gradually restored by successive anneals until 
its pre-u.v. level is reached after heating to ~ 220 K. The 'A' centre con-
centration falls sharply between 100 and 120 K and then gradually decreases with 
increasing temperature, reaching zero at ~ 180 K. 
The amplitude-temperature profiles of Ni 3+ and 'X' are both similar to 
that of 'A' at temperatures up to~ 180 K , except that both Ni 3+ and 'X' 
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profiles have a small shoulder at ~ 140 K. This suggests that, like 
,3+ 
centre 'A', both N1 and 'X' are acting as hole traps, so that the decrease 
in concentration by heating from 100 to 120 K is caused by the recombination 
of electrons thermally freed from shallow traps such as those found in 
Ni-Tio2 (N.L.), whose presence however could not be detected at 80 K in the 
'as-received' N.L. crystal since their resonance lines would be broadened. 
The shoulders at ~ 140 K again suggest the presence of a shallow hole trap 
which is thermally ionized at this temperature. Unlike centre A, the con-
centrations of both Ni3+ and 'X' increase with annealing at temperatures above 
. f . 1 22 abo h' h h · 3+ 180 K. There 1s a a1r y sharp increase up to .o K, ve w 1c t e N1 con-
centration increases at a slower rate while the concentration of centre 'X', 
gradually decreases. The fact that the Ni 3+ and 'X' spectra have such similar 
amplitude-temperature profiles in the 180 to 220 K temperature range suggests 
that both are responqing to the same event, the most likely explanation being 
4+ 
the thermal reconnection of a hole trap (e.g. Fe ) with the valence band and 
the subsequent stabilization of freed holes at these defects to give 'X' and 
Ni3+ centres. The behaviour at higher temperatures may then be due to Ni 2+ 
levels coming into thermal equilibrium with the conduction band, causing an 
excess of free electrons which then recombine via 'X' centres, or conversely 
the 'X' centre may become thermally connected with the valence band with the 
2+ freed holes being subsequently retrapped at Ni sites, causing an increase 
. .3+ . 1n N1 concentrat1on. 
Isothermal recovery measurements could only be performed with the Ni 3+ 
spectrum, since lines from 'X' and 'A' spectra rapidly broadened at temperatures 
3+ h 1' f l above ~ 100 K and the features of the Fe isoc ronal annea 1ng pro i e were too 
. ld f 1 . . Th 1' d f · 3+ l' soft to y1e use u quant1tat1ve measurements. e amp 1tu e o a N1 1ne 
was monitored before and after u.v. irradiation over a range of temperatures 
between 216 and 240 K. Fig. 6.36 illustrates the variation in the Ni3+ con-
centration thermal recovery rate with temperature of irradiation. Fig. 6.37, a 
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plot of tn (I
00 
- It) vs. time, where I
00 
is the final Ni 3+ signal amplitude 
again suggests initial monomolecular and subsequent bimolecular kinetics, 
. h . . . 3+ . d w1th t e trans1tion occurr1ng when the N1 concentrat1on ha reached ~70% 
of its final value. Hence it is thought that fairly reliable values of P, 
the escape probability of the relevant trap can be evaluated from the initial 
decay slopes at 216, 221 and 225 K, but the values determined at 230 and 235 K 
may be less reliable if 2nd order kinetics had taken over before the 2nd point 
on the decay curve was recorded. The resulting plot of tn P vs. l/T, Fig.6.38, 
using only data derived from measurements at 216, 221, 225 and 230 K, 
gives a thermal activation energy for the trap of ~ o.55 eV. 
6.10 PLASMA-GROWN CRYSTALS 
Two crystals from plasma-grown boules were examined by e.s.r. techniques. 
One, B.S.l6, had been grown in an oxidized state and doped with 1000 ppm 
Aluminium, and the other, B.S.lO, was grown from nominally pure feed, but in 
a reducing atmosphere, hence requiring a subsequent oxidizing heat treatment. 
3+ A weak Fe spectrum was detected in a relatively large sample from 
B.S.l6 at room temperature, but no spectra at all of significant intensity could 
be found in the smaller sample needed for cryogenic work, even at liquid helium 
temperatures. As was found with the 'as-received' N.L. crystal, u.v. irradiation 
at 40 K had the effect of completely damping the.cavity, again presumably due to 
causing excessive photoconductivity. This effect was reversed by heating to 
100 K for several minutes. On recooling to 40 K, spectra corresponding to the 
'A' and 'B' centres first found in Ni-Tio2 (N.L.) had appeared. Both spectra 
were removed by annealing at 140 K for 10 minutes. The lack of any other 
spectra in this sample and the fact that both A and B defects anneal out at 
approximately the same temperature (electrons freed from 'B' centres re-
combining via 'A' centres) suggest that A and B are the dominant defects in the 
stoichiometric plasma-grown boules, which were generally of higher purity than 
any of the other rutile crystals. 
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. 3+ E.S.R. examination of B.S.lO showed the presence of Fe and sub-
. 1 2+ stitut~ona Cu • u.v. irradiation at 40 K had no apparent effect on the 
3+ 2+ . 
cavity Q, but caused decreases of ~ 35% in both Fe and CU s~gnal 
intensities. No new spectra were detected. 3+ Isochronal annealing of Fe 
2+ 
and Cu spectra was then performed at 40 K intervals between 40 and 240 K. 
3+ The Fe concentration was restored to its pre-u.v. level after annealing at 
200 K, in good agreement with similar measurements on N.L. crystals. There 
was, however, no evidence of the intermediate concentration change at 
~ 100-120 K found in Ni-Ti02 (N.L.) and ascribed to the recombination of 
charge released from electron traps~ Thatinterpretation is therefore supported 
in this case, since no spectra due to the electron traps were recorded. The 
2+ intensity of the Cu spectrum remained unchanged even after annealing at 
240 K, which suggests that the energy level of this centre lies near the 
centre of the forbidden energy gap. 
The crystal from B.S.lO was subsequently heated to l000°C in o2 and 
then quenched back to room temperature in about 10 seconds. E.S.R. measure-
ments at 40 K showed that this heat treatment had caused substantial increases 
3+ 2+ 3+ in both the Fe and Cu concentration and the appearance of both Mn and 
Mn4+ It is likely that the manganese and additional iron and copper were 
already present in the lattice, but in a form not detectable by e.s.r., e.g. 
quenching may freeze the impurities on well-separated sites but annealing may 
allow the metal ions to diffuse together to form metal aggregates. u.v. 
3+ . t 4+ d irradiation at 40 K caused the conversion of some Mn ~ons o Mn , a rop 
. 2+ . f ~n Cu concentrat~on o 35 b 1 15 d . 3+ . ~ %, ut on y a % rop ~n Fe · concentrat~on. 
Furthermore, several new lines appeared, but isofrequent analysis of these 
h . d db . f f 4 + 1' t 1 . t spectra was ~n ere y ~nter erence rom Mn 1nes a most crysta or~en a-
tions, so that the light-induced lines could only be easily isolated when the 
magnetic field was approximately parallel to the <001> axis. Most of these 
light-induced, 'quenched-in' defects did not appear to correspond to those 
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found in the National Lead crystal, and the spectra due to 'A' and 'B' 
centres were certainly not present. 
6.11 MISCELLANEOUS SINGLE CRYSTAL RESULTS 
Sections 6.3 to 6.10 have described the e.s.r. results obtained with 
specific crystals using techniques involving the liquid helium continuous flow 
cryostat. This section summarizes relevant earlier results obtained with a 
Nitrogen gas continuous flow cryostat. There was relatively poor temperature 
control and reproducibility with this cryostat so that most of the conclusions 
reached are fairly qualitative. In some cases, however, they complement the 
Helium cryostat results in that the design of the Nitrogen cryostat permitted 
measurements to be made above room temperature. 
Isochronal annealing measurements of the Ni 3+ spectrum in an 'as-received' 
National Lead crystal using the Nitrogen cryostat, in which the sample was 
0 heated to 150 C in the dark before being cooled to ~ 160 K for u.v. irradiation, 
(Fig. 6.39) are in good agreement with measurements made with the Helium cryostat 
(see Fig. 6.35) in the region where the two temperature ranges overlap, i.e. 
160 to 260 K. Fig. 6.39, however, shows an additional high temperature feature 
in the Ni 3+ profile at ~ 370 K, which probably corresponds to the thermal 
.2+ ionization of the N1 centre • This suggests then that in the charge transfer 
at 
. 2+ ~ 220 K, N1 centres are capturing holes which have been thermally released 
from other traps. 
A National Lead crystal which had been doped with iron by evaporation 
and diffusion gave rise to a new e.s.r. spectrum after u.v. irradiation at 
~ 120 K, which was identified as the 'light-sensitive' substitutional Ni 3+ 
spectrum reported by Gerritsen (1962). This centre was removed by annealing 
at temperatures in the 310-330 K range, i.e. similar to the highest T.L. peak 
at 328 K. 
A Japanese rutile crystal was deliberately doped with Aluminium by 
evaporation and diffusion. This treatment caused the introduction of both 
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interstitial and (light-sensitive) substitutional Ni 3+ and also the appearance 
of two more light-induced spectra, Y and Z, following irradiation at 
~ 110 ( + 20) K. Isochronal annealing (Fig. 6.40) then showed that centre 
Z was ren~ved by annealing at 140 (+ 20) K and that this charge transfer was 
3+ d . .3+ . 
accompanied by an increase in Fe and ecrease 1n N1 concentrat1ons, which 
suggest that the centre is an electron trap. The ~ther light-induced centre 
(Y) was annealed out at temperatures between 260 and 300 K. I so frequency 
analysis of these light-generated spectra was unsuccessful in identifying the 
centres, mainly due to the presence of several low-angle grain boundaries in 
the sample which meant that at certain orientations several resonance lines 
were recorded for every transition. As found in other samples there were 
.3+ d 3+ increases in the concentrations of both N1 an Fe following annealing at 
200-22o0 c, suggesting a charge transfer of the type ·-
4+ Fe 3+ Fe + 
,3+ 
N1 
A further charge transfer between substitutional and interstitial 
(6.6) 
. k 1 t 31 h' h h ub . . 1 · 3+ N1c e appears to occur a ~ 0 K, w 1c suggests t at s st1tut1ona N1 
is hole trap. 
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CHAPTER 7 
POWDER RESULTS 
7.1 INTRODUCTION 
Having established the use of e.s.r. techniques to investigate 
trapping centres in single crystals of rutile, the next step was to test 
their applicability to powders. A more specific aim was to determine 
whether any of the trapping centres or similar defects could be identified 
in scunples of rutile pigment which were supplied for e.s . .r:·o analysis by 
Tioxide International Limited. 
Unlike the abundant data from single crystal studies, as reviewed 
in Chapter 4, there has been relatively little published literature 
concerning e.s.r. analysis of rutile powders, other than investigations of 
the surface chemistry of adsorbed gases (Primet, 1970) , though Iyengar ( 1966) 
noted that reduction of rutile powder in hydrogen gave rise to an asymmetric 
. 1 d 1 96 h" h . d · 3+ 1 i . s1gna centre on g ~ • , w 1c was ass1gne to T1 on norma cat on s1tes. 
E.S.R. signals from powder samples are in general more difficult to 
interpret than their single crystal counterpart~. Much of the valuable 
information which can be extracted by studying the angular variation of 
the spectrum is lost, since the component crystallites of a powder have 
random orientation with respect to the magnetic field. Thus, with anisoptropic 
spectra the individual resonance lines from each crystallite are super-
imposed to give a much broader, usually asymmetric, powder absorption line. 
very anisotropic single crystal spectra, such as those representing several 
of the impurity ions in rutile, may lead to powder signals which are so 
broad that they cannot be easily detected. 
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7. 2 COMPUTER SIMULATION 
It is sometimes possible, however, to extract some of the information 
needed to aid interpretation of powder spectra, by employing simulation 
techniques. This involves taking single crystal spin Hamiltonian parameters 
and using a computer programme to generate a theoretical powder spectrum. 
The parameters may then be adjusted in order to alter the shape of the 
p0wderpattern, with the aim of reproducing the features of the experimental 
powder spectrum. 
A computer programme, which was originally written by Mr.W.Hutton 
of ~~is Department for a stud}' of e.s.ro in glass ceramics, was used i11 t:l1is 
work to simulate spectra from rutile pigment samples. The programme applies 
1 to S = 2 , I = 0 systems, with cubic, axial or orthorhombic symmetry, and 
can incorporate either Gaussian or Lorentzian line broad~ning functions. 
The basic steps of the programme are as follows :-
(a) Random orientation is represented by calculating g-values at each 
of 20,000 different orientations, equally incremented over the whole solid 
angle, from 
= [ g~ l ~ . 2 8sin2 cjl 2 . 28 2$ 2 2 (7. 1} g s1n + g2 s1n -cos + g3 cos 8 
where g1 ,g2 and g 3 are g-values along the principal· crystal axes, and 8 
and $ define the orientation with respect to the magnetic field. 
(b) The corresponding resonance field value for each element is found 
from 
H h\1 
g(3 
(c) A histogram is created of ·the number of elements with resonance 
( 7 D 2) 
fields occurring in each cell of a magnetic field array, H1-+ Hn' incremented 
in 0 .• 5 Gauss intervals. This leads to the full lines in the upper traces of 
Fig. 7.1. 
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(d) The effect of crystallite line broadening is introduced by 
multiplying the value in each cell of the magnetic field array by an 
appropriate normalised single crystal lineshape function, giving the 
dashed lines in the upper traces of Fig. 7.1. The lineshape function 
can be either Gaussian,to simulate spin-lattice broadening, 
G(H -H) 
0 
1 
l21f 
1 
a 
G 
exp. 
where 2aG is the width at half-height, or a Lorentzian function may be 
used, representing spin-spin 
F(H -H) 
0 
1 
'IT 
broadening. 
2/a 
L 
where aL is the width at half-height. 
(e) The final step is to compute the lst derivative of the absorption 
lineshape in order to give a direct comparison with as-recorded 
experimental spectra. 
While this computation can be a very useful tool under ideal 
conditions, it should be realised that it includes some assumptions which 
will often preclude an exact simulation of a real spectrum. In practice 
3. 
4. 
it is unlikely that the true broadening function will be either completely 
~aussian or completely Lorentzian, but rather a combination of the two. 
Similarly, it is also unlikely that the recorded spectrum will be a 
true first derivative of the absorption line. Furthermore, it is possible 
that the recorded spectrum may not be a representative of the true lineshape, 
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due to such effects as overlapping with other signals or baseline drift. 
For these reasons the best~fit simulated pattern usually consists of a 
compromise between reproduction of different features of the true spectrum. 
'!. 3 POWDER SAMPLES 
The 7 rutile pigment samples which were supplied vy Tioxide are 
listed in Table 7.1. 'rhis shows that samples A-F comprised a 6-way 
factorial trial, with aluminium concentration and the effect of an oxidizing 
heat treatment as the variable parameters. Trials at .Tioxide have shown 
that both parameters have a significant effect on the durability of paints 
made from these pigments. The samples were submitted for e.s.r. analysis 
with the hope that a centre could be identified whose concentration varied 
in a similar way to the paint durability. One of the pigment samples (G) 
had been reduced by heating to 600°C in H for 30 minutes, in order to 
2 
provide a reference signal from intrinsic defects. A mass spectrographic 
analysis of the pigments is presented in Table 7.2. 
In addition to the pi!JI!lents, a sample of the powder used to grow 
crystals was also examined, to determine whether any evidence of the spectra 
found in samples BSlO and BS16 could be detected in their source material. 
7.4 RESULTS 
7.4.1 Initial Characterisation 
Initial e.s.r. measurements of powders with the Varian spectrometer 
at room temperature revealed no spectra of significant intensity in any of 
the samples, apart from a single, slightly anisotropic line from pigment G. 
The pigment samples were then sent for e.s.r. analysis with a Jeol 
spectrometer, by Dr. G.Brown at the Military College of Science, Shrivenham. 
The increased sensitivity of this spectrometer gave the following additional 
results, at room temperature . Sample A gave a broad asymmetric line at 
g 2.10. This signal was not detected in sample B. Both pigments 
C and D gave asymmetric lines at g ~ 2.07, of similar intensity in each 
Sample Al2o3 % Heat treatment 
A 0.61 None 
B 0.61 30 min. at 600°C in 02 
c 3.28 None 
D 3.28 30 min. at 600°C in 02 
E 1.56 None 
F 1.56 30 min. at 600°C in 02 
0 i 
G 
I 
1.56 30 min. at 600 C in H2 I 
I 
I 
! 
TABLE 7 .l Aluminium concentration and heat treatments 
of Tioxide International rutile pigment samples 
Sample 
Impurity 
Al 2o 3 
I 
I Sio2 I 
MgO 
P205 
. K205 
CaO 
V205 
cr2o 5 
MnO 
Fe 
NiO 
CoO 
c~ 
ZnO 
As 2o 3 
SrO 
zro2 
Nb205 
Moo3 
Sn 
Sb2o 3 
BaO 
Ta2o 5 
TABLE 7.2 
A, B C, D E, F, G 
6100 31000 15000 
6000 6000 6000 
6 20 12 
8 25 8 
4 5 2 
10 15 8 
o.s 2 l 
l 2 2 
<0.2 0.3 <0.2 
25 35 25 
~3 - -
<2 <2 <2 
<l 3 <l 
l 10 5 
35 4 1 
<0.1 <0.1 <0.1 
15 20 2 
4 2 4 
<3 <3 <3 
l3 4 4 
12 2 i <l 
i 
' 
0.5 0.5 <0.5 
l 3 5 
Mass spectragraphic analysis (in p.p.m) of Tioxide 
International pigment samples. 
S2 
sample. In addition, sample C also had a small, near-symmetric line at 
g ~ 2.00, which was not present in sample D. No signals were detected 
in either sample E or sample F. Reference to Table 2.1 suggests that the 
signals at g~2.lO and g ~ 2.00 in samples A and C respectively may be 
associated with intrinsic defects which are removed by annealing in an 
0 
oxidizing ambient at 600 c. The signal at g = 2.07, which was unaffected 
by oxidation, was only found in samples containing 3.2S% Al 2o3 • Since this 
is greater than the maximum solubility of Al in rutile (Slepetyo, 1969) 
it is possible that this signal may represent the presence of a new phase, 
Measurements at 4.2 K with the Varian spectrometer showed the 
presence of two weak asymmetric lines in all the pigment samples, at 
magnetic fields corresponding to g ~ 4.1 and g ~ 2.0. In addition sample 
E also gave rise to a weak isotropic line at g ~ l.S9. The only pigment 
to produce a signal of sufficient intensity to allow accurate recording of 
the lineshape for computer simulation was sample G, which had been reduced 
in H2 • This signal, spectrum P, is shown in Fig. 7. 2. The line is 
broad (~ SO Gauss from positive to negative peaks) and slightly anisotropic, 
with a zero-crossing magnetic field corresponding to g ~ 1.955, i.e. 
similar to the value reported by Igengar (1966) , also in H2 - reduced 
rutile powder. 
Initial attempts to simulate spectrum P assumed axial symmetry 
(from the relative lack of features, see Fig. 7.1), with g~, defined by 
the magnetic field value of the positive peak in the spectrum (g~~ = 1.9714) 
and gj_ = l.92SO). Fig. 7. 3 compares spectra simulated with these g-values, 
for three different magnitudes of Lorentzian broadening,function with the 
experimental spectrum. This shows that a crL value of ~ SO gauss is required 
to produce the same lack of features, while retaining the appropriate ratio 
of positive and negative peak heights. Gaussian broadening functions gave 
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lines that were too symmetrical. Slight adjustments to g-parameters 
to give g~~= 1.962 and gl 1.923 yielded the simulated pattern shown in 
Fig. 7. 4. The peaks and zero-crossing fields of the two patterns 
coincide within experimental limits, as does the rate of rise of the 
positive peak, though the rate of fall of the negative peak is less well 
matched. Introduction of a small degree of orthorhombic distortion 
produced no improvement in alignment and therefore Fig.7.4 represents the 
best fit simulated spectrum, within the limitations of the programme. 
Thus, it appears that spectrum P may be described by g1 = g2 = 1.962 and 
g3 1.923 together with a Lorentzian line broadening function, and 
a ;:.. 80 gaussa 
L 
Reference to Table 4.3, which lists e.s.r. parameters 
from non-stoichiometric rutile single crystals, shows that the parameter 
of spectrum P are similar to several others which have been interpreted as 
being due to intrinsic defects, either F centres or interstitial Ti3+. 
7.4.2 u.v. Sensitive Spectra 
Ultra-violet irradiation of pigment samples at 4.2K had no observable 
effect on the intensities of the signals reported in section 7.4.1., but 
caused the appearance of a new signal, spectrum Q, at g ~2.01. The same 
signal, a trace of which is shown in Fig7.5, was detected in all seven 
pigment samples, but its intensity varied considerably. Although no accurate 
spin calibration measurements were performed, qualitative comparisons suggested 
that the intensity was greater in samples which had received the oxidizing 
heat treatment. 
The first simulations of spectrum Q compared Lorentzian and Gaussian 
broadening functions with varying linewidths using axial symmetry. As with 
spectrum P, it was found that a Gaussian function was inappropriate, being 
unable to reproduce the peak height ratios while retaining the correct half-
height widths. Better progress was made with the Lorentzian function and 
Fig.7.6 depicts lineshapes for four different values of oL' with g1=g2=2.0074 
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A value of a = 6.0 gauss gives the best reproduction 
L 
of the shape of the shoulder at ~3258 gauss. Further small adjustments 
in the parameters gave the best fit simulated pattern, as shown in Fig. 7. 7, 
with g1 = g2 = 2.0077, g3 = 2.0153 and crL = 5.5 gauss. Thus the spectrum 
appear to be unlike any other reported from e.s.r. measurements on rutile 
powders. Moreover, the parameters cannot be matched with any of the data 
for centres in u.v.-irradiated single crystals. It is thought that since 
the g-values are greater than the free electron value, spectrum Q may represent 
a trapped hole. 
Further evidence for this interpretation was gained from isochronal 
annealing and isothermal decay measurements. Fig. 7. 8 depicts the variation 
of signal amplitude during and after u.v.irradiation at 4.2K and shows an 
exponential growth during irradiation, followed by a rapid fall to ~ 40% of 
maximum intensity when irradiation ceases. It is suggested that this 
behaviour corresponds to filling of both hole-trapping and electron-trapping 
centres during irradiation and then thermal release of electron from shallow 
traps followed by their recombination at hole traps, causing the decrease in 
the number of 'Q' centres. Fig 7.g suggests that this recombination process 
is initially monomolecular and then, as retrapping becomes significant, the 
kinetics become bimolecular. 
Isochronal annealing of signal 'Q' between 4 and lOOK (see Fig 7.10) 
revealed two temperature regions in which charge transfers occurred, both 
causing further decreases in the intensity of 'Q'. The first, at ~ lOK, 
is assumed to correspond to thermal release of electrons from another shallow 
trapping level and subsequent recombination at 'Q' centres. The second 
at ~ 80K may either represent a similar process with a deeper electron trap 
or the direct thermal release of trapped holes. Fig 7.11 shows that the 
decrease in intensity between 60 and lOOK is evenly spread over the whole 
temperature range and may possibly indicate the presence of several different 
electron traps with similar thermal ionisation temperatures, as was found in 
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the single crystal work. 
Unfortunately, lack of time precluded a comprehensive study of 
isochronal annealing of spectrum Q in all the pigment samples, but sufficient 
encouraging results were obtained to suggest that such a study may be used 
to investigate variations in the distribution of trapping centres between 
the different samples. 
7.4.3 Sandy Rutile 
A sample of the sandy rutile powder (batch DNS) used to grow 
crystals in the plasma torch was submitted for e.s.r. analysis. No signals 
at all could be observed at 4.2K initially, but following 11,v. irradiation 
two new lines appeared, at magnetic fields corresponding to g ~ 2.01 and 
g ~ 1.97. Both signals were too weak to allow either line shape analysis 
or quantitative intensity measurements. 
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CHAPTER 8 
DISCUSSION AND CONCLUSIONS 
8.1 TECHNIQUES 
8.1.1 Crystal Growth and Preparation 
An o2-Ar plasma torch at Tioxide International Research Labs. 
was adapted and modified to provide a reliable crystal growth apparatus 
which produced rutile boules at a rate of ~ 3 em/hour by a semi-
automatic process. Analysis of the boules, which were typically l em 
in diameter and 3 em in length, showed them to be monocrystalline and 
generally of higher purity than crystals grown by the conventional Verneuil 
technique. The impurity doping level was controlled by variation in the 
composition of the starting material. Adjustment of the position and 
ambient of the plasma growth zone gave control of the resistivity of the 
rutile boules and allowed the growth, for the first time, of fully 
stoichiometric rutile single crystals. 
Rutile crystals from several sources were aligned by X-ray 
diffraction methods, cut and polished to produce suitable samples for 
e.s.r. analysis. A quartz tube furnace was used both for oxidation/ 
reduction experiments and for diffusion doping of impurity ions at 
0 
temperatures up to 1200 C. 
8.1.2 E.S.R. Analysis 
A Varian e.s.r. spectrometer was used to characterise rutile 
samples (both single crystals and powders) with respect to the identity 
and distribution of paramagnetic defects. The main part of this project 
concerned the measurement of changes to e.s.r. spectra with optical and 
thermal stimulation of the sample and for this purpose it was necessary 
to incorporate facilities into the spectrometer system to enable (a) the 
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direct optical irradiation of samples in the microwave cavity and (b) 
control over the sample temperature between 4 and 300K with a continuous 
flow liquid HPlium cryostat. 
ti.2 SINGLE CRYSTAL RESULTS 
The intensities of most of the e.s.r. spectra from rutile 
crystals were affected by ultra-violet irradiation at low temperatures 
("' 40K). This treatment also caused the appearance of several new spectra, 
for which Spin Hamiltonian .Parameters were determined from isofrequency 
angular analysis. It is thought that the cause of these changes in spectral 
intensl ty is a redistr.ibution of charge, from an initial equilibrium state 
in which there are relatively few charge carriers trapped at impurity centres 
to a final state where the incidence of optical energy has filled most centres 
with carriers which are then trapped in the metastable state by lack of 
thermal energy. 
The relative position of the trapping levels in the forbidden band 
gap was determined from isochronal annealing studies, which gave the tempera-
ture required to revert the spectral intensities to pre-irradiated, equilibrium 
values. Isochronal annealing also revealed interactions, or charge transers, 
between different impurity centres which lead to assignment of their photo-
electronic roles, i.e. as electron or hole traps, or recombination centres. 
Studies of the intensity vs temperature profiles of the deeper centres allovJed 
deductions to be made of the existence of further trapping centres, whose 
presence could not be detected directly by e.s.r. 
Measurements of rates of thermally stimulated charge transfers and 
their variation with temperature were used to calculate the trap depths of 
some of the impurity centres, though, due to the complexity of trapping 
kinetics in rutile, these values are only regarded as lst order estimates. 
Table 8.1 presents a summary of the temperatures at which thermally 
stimulated charge transfers were detected by isochronal annealing of e.s.r. 
Ionization 
Temp. (K) 
i I 30-40 
I 40-50 I 
I 
I 
70-80 I 
I 
70-80 
90-100 
100-120 
140-150 
160-200 
180-220 
200-240 
300-340 
360-380 I 
i 
I 
TABLE 8. l 
E. s. R. T. L. 
Activation 
Interpretation Peak Temp. I Trap Depth Energy (eV) (K) (eV) 
0.075 hole trap 
0.12 electron trap -
centre H 
0.12 electron trap -
centre G 
electron trap - 100 0.13 
centre D 
electron trap -
centre C 
0.22 electron trap - 118 0.24 
centre B 
hole trap 
hole trap - 169 o. 37 
centre A 
0.52 hole trap -
4+ 239 0.51 Fe 
o. 55 hole trap 
(recombined 296 0.60 
at Ni) 
Substitutional Ni 328 0.68 
Interstitial Ni 
Summary of temperatures of thermally stimulated charge 
transfers and associated activation energies of defects 
in rutile single crystals, from e.s.r. measurements, and 
comparison with thermoluminescence data. 
I 
i 
I 
I 
I 
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spectra, together with activation energies, where available and inter-
pretation of the centre responsible for the reaction. These values are 
compared with glow curve peak temperatures and trap depths, derived from 
thermoluminescence measurements. It is important to note that both sets 
of temperature data in Table 8.1 can be affected by experimental conditions, 
i.e. the apparent charge transfer temperature increases as (a) the isochronal 
anneal time decreases and (b) the thermoluminescence heating rate increases. 
In view of the relatively long anneal time (5-10 mins) and fast heating rate 
-1 (0.5 K sec ) used in the e.s.r. and T.L. measurements respectively, it is 
expected that the former would indicate a lower ionization temperature if 
the same event was recorded by both techniques. 
The shallowest centre detected in this work is a hole trap, with 
a thermal activation temperature of ~ 35 K and an energy level ~ 0.075 eV 
above the valence band. Although this centre did not give rise to any 
observable e.s.r. spectrum, its presence and charge state were deduced from 
interactions with other defect centres, i.e. after t.hermal release the holes 
4+ 
are re-trapped at deeper levels to form Fe and 'A' centres. 
There are at least five different electron trapping centres (B-H) 
with ionization temperatures between 40 and 120 K. The shallowest of these 
is centre H, which has a trap depth of ~ 0.12 eV and thermal activation 
temperature of ~ 50 K. Two of the electron traps had thermal activation 
temperatures of~ 75 K and isothermal analysis of.one of them, centre G, 
also gave an estimated trap depth of 0.12 eV, which is close to the value 
derived from the lst T.L. peak at 100 K. A further electron trap, centre C, 
is thermally ionized at ~ 95 K. The deepest of this set of electron traps, 
centre B, has a thermal ionization temperature ( ~ 110 K) and trap depth 
( ~ 0.22 eV) which correlate well with the 2nd T.L. peak at 118 K. 
Another defect, centre A, was interpreted as a hole trap with a 
thermal ionization temperature of~ 170 K. At lower temperatures A centres 
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behaved as recombination sites for electron freed from B centres. Centre X 
had a similar isochronal anneal profile to centre A, but appeared to be at 
a much deeper energy level. 
All of these defect centres, A-H and X, gave e.s.r. spectra which 
only appeared after u.v. irradiation. The Spin Hamiltonian parameters for 
each light-generated spectrum were determined by isofrequency analysis and 
are summarized in Table 8.2. All of these centres were detected in 
National Lead rutile crystals which were heavily doped with Aluminium. The 
two deepest traps, centres A and B, were also detected in one of the plasma-
grown boules, BS16, which was also deliberately doped with Al. There was no 
evidence of the u.v.-generated spectra in another of the plasma-grown boules, 
BSlO, which contained relatively little Aluminium. Diffusion doping of 
Aluminium into a Nakazumi rutile crystal caused the introduction of two more 
light-sensitive spectra, from centres labelled Y and Z, with thermal 
ionization temperatures of ~ 280 K and 150 K respectively, though it was not 
possible to determine spin Hamiltonian parameters for these spectra,due to the 
presence of several low angle grain boundaries in the sample. Thus, although 
there is no positive identification of the u.v.-generated centres A-H and X-Z, 
it is suggested that most if not all of them are connected with the presence 
of Aluminium and may consist of complexes of charge trapped at normal lattice 
.3+ 
sites, e.g. Tl , 0 or V0 . h . hb . 1
3+ 
, wlt nelg ourlng A ions. Two of the centres, 
G and H, had g-parameters which agreed closely with those reported (Kerssen, 
1973) . 1 d d d d t'l d . d · 3+ 1 3+ 1 3+ ln A - ope , vacuum-re uce ru l e an lnterprete as a Tl -A -A 
complex. 
u.v. 
Iron appears to behave as a hole trap in the rutile lattice, with 
irradiation at low temperatures causing the conversion of some Fe 3+ ions 
4+ 
to Fe The trapped holes may then be removed either by recombining electrons 
or by thermal ionization at ~200K. This behaviour was observed in five 
different samples from various sources. Isothermal recovery measurements lead 
f I D E I Site j Interpretation Centre guo gllO goal (GHz) (GHz) Synunetry 
I i 
A 4.59 1.94 3.36 Subs to I Hole trap 
I 
I 
B 1.922 1.896 1.793 Subst. I Electron trap 
i 
i 
c 1.953 1.846 1. 788 0.701 0.072 Subst. 1 Electron trap 
I 
I 
I 
I I I Q'O 1 "7QC: ,., ..., 1 ..., ""' "~~ SubsL. Electron trap D I 1.956 1 
I 
...... >...J..J..J ..L.o I V..J Vo /J.L VoV/0 
E 1.915 1.872 l. 778 Subst. Electron trap 
I 
G glOO golo 1.811 Perturbed Electron trap 
subst.or 
= = 
1.956 1.919 interst. 
H glOO golo 1.822 II Electron trap 
= = 
1.955 1.920 
X 1.965 1.914 1.935 Subst. Recombination 
centre 
J 
TABLE 8.2 Spin Hamiltonian Parameters of u.v. generated E.S.R.spectra 
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to an activation energy which places the Fe level ~ 0.52 eV above the 
valence band, which is $imilar to the trap depth derived from the 4th 
T.L. peak. This value of activation energy is also the same as that 
determined for the thermal bleaching of photochromic absorption in rutile 
(Clark, 1970) , which had been attributed to the presence of Iron, though 
there was uncertainty concerning the mechanism involved. The isochronal 
annealing results of this project suggest that the appearance of the 
absorption band during u.v. irradiation is due to the creation of Fe4 + ions. 
Chromium appears to bcl1ave in a similar manner to Iron at low 
temperatures, i..e. u.v. irradiation converts some cr3+ ions to cr4 +, which 
then act as recombination sites for electrons freed from shallow-traps, but 
4+ 
the thermal ionization temperature of Cr centres was not determined. 
Nickel and Manganese behave as recombination centres in rutile, 
with high thermal ionization temperatures and energy levels near the centre 
of the band gap. Charge transfers involving these ions can be especially 
.2+ .3+ 3+ 4+ informative, since N1 , N1 , Mn and Mn all give rise to observable 
e.s.r. spectra. It is therefore possible to detect simultaneously signals 
from both full and empty traps and hence deduce the polarity of the charge 
carriers in question. Thus, for example, some of the electrons freed from 
3+ 4+ 
centres B-H by heating to 60-120K recombined at Ni and Mn sites to form 
. 2+ 3+ . 1 N1 and Mn respect1ve y. Nickel in particular is very sensitive to 
interactions with both hole and electron traps and charge transfers involving 
changes to Ni 3+ concentrations were observed at at least six different tempera-
tures between 40 and 400K. Isothermal decay measurements at temperatures 
between 210 and 230K gave an activation energy of 0.55 ev, corresponding to 
'bl 4 + the thermal ionization of a hole trap, poss1 y Fe , and subsequent recapture 
2+ 
at Ni sites. f h . . b .3+ At higher temperatures a urt er 1nteract1on etween Nl 
(interstitial) and another centre interpreted as 'light-sensitive' substitutional 
Ni3+ (Gerritsen, 1963) was observed at ~ 320K, in good agreement with the 
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highest T.L. peak at 328K. f . l h f . 1 . . ]+ A 1na c arge trans er 1nvo v1ng N1 occurs 
at~ 370K, and it is thought that this represents thermal ionization of Ni 2+ 
Copper is another centre with an energy level near the centre of 
the band gap and thermal ionization temperature greater than 300K. 
In general, most of the paramagnetic defects which give rise to 
e.s.r. spectra, also appear to play active roles in the photoelectronic 
reactions of rutile. The nature of the roles were deduced in most cases 
and many of the thermally stimulated changes to e.s.r. spectra occurred at 
similar temperatures to published T.S.C. and T.L. data. (The two shallowest 
measurements, ~·:hich 
have been recorded with a base temperature of ·v BOK). Furthermore, estimates 
of activation energies, from isothermal annealing of e.s.r. spectra, yielded 
values which were vri thin 10% of those derived by the other techniques. 
The main advantage of using e.s.r. to study trapping centres is 
that the recorded signal is a direct measure of defect concentration and is 
relatively unaffected by other influences, unlike e.g. T.S.C. in which 
thermally generated dark current can swamp weak signals, especially at high 
temperatures. With e.s.r. each trapping centre produces a characteristic 
signal which may be detected independently of or simultaneously with signals 
from other centres. It is thus possible to isolate several different centres 
with similar trap depths and t.his may explain why several more traps were 
detected by e.s.r. than by T.S.C. Finally, successful analysis of an e.s.r. 
spectrum can lead to an identification of a trapping centre and its surround-
ing environment. 
8.3 POWDER RESULTS 
Initial studies of rutile pigments supplied by Tj_oxide International 
gave encouraging results. The same ultra-violet-activated e.s.r. spectrum 
was observed in 7 different pigment samples, but with varying intensity. The 
Spin Hamiltonian parameters of this and another powder spectrum were determined 
by computer simulations of the powder patterns from single crystal parameters. 
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Isochronal and isothermal annealing of the u.v.-activated spectrum 
suggested that it represents a hole trap or recombination centre, with a 
the~~al ionization temperature of 3 lOOK. The existence of several 
shallow electron traps was deduced by their interaction with the recombina-
tion centre during isochronal annealing. 
8.4 SUGGESTED FUTURE WORK 
Further single crystal studies include the doping of other impurity 
ions, e.g. Cobalt, Vanadium and Niobium into rutile, their characterisation 
by e.s.r. and deduction of the trapping behaviour by annealing techniques. 
The addition of an infra-red monochromator to the present optical 
system would allow the study of optical ionization energies of u.v. generated 
centres. 
Potentially useful work with powders includes the measurement of 
absolute concentrations of u.v. generated defect centres and their variation 
between different pigment samples with known physical properties. Isochronal 
annealing and infra-red bleaching could be used to estimate relative distri-
butions of other shallow trapping centres and their activation energies. 
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